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ABSTRACT 

This study was designed to evaluate dosimetric, phar- 
macokinetic, and other treatment-related parameters as 
predictors of outcome in patients with advanced B-lympho- 
cytic malignancies, Fifty-seven patients were treated with 
radiolabeled Lym-1 antibody in early phase trials between 
1985 and 1994. Logistic regression and proportional hazards 
models were used to evaluate treatment parameters for their 
ability to predict outcome, taking into account patient risk 
group based on Karnofsky performance status and serum 
lactic dehydrogenase. The occurrence of a partial or com- 
plete response (31 of 57 patients) and development of human 
antimouse antibody (HAMA) predicted improved survival 
using a time-dependent proportional hazards model. The 
final multivariate model for survival with parameters sig- 
nificant at P < 0.05 included overall response and pretreat- 
ment risk group. Although some of the dosimetric and phar- 
macokinetic parameters were predictive in univariate 
analyses, only longer half-time of radionuclide in the blood 
showed any indication of improved prediction beyond that 
provided by the lactic dehydrogenase/Karnofsky perform- 
ance status-based risk groups. Splenic volume, splenectomy, 
and malignant tissue Lym-1 reactivity were not contribu- 
tory. In this patient group, the effect of radiolabeled Lym-1 
treatment as indicated by measurable tumor response was 
associated with improved survival. Development of HAMA 
was also associated with improved survival, indicating that 
concern about HAMA should not preclude exploration of 
radioimmunotherapy. Although dosimetry has a role in de- 
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termining safety based on dose to normal organs, when 
adjusted for baseline clinical features, dosimetric and phar* 
macokinetic parameters showed limited ability to improve 
outcome prediction. 

INTRODUCTION 

To effectively evaluate novel therapies such as RIT, 3 it is 
important to identify and to take into account patient character- 
istics that might influence outcome. The need to determine 
factors that predict therapeutic outcome in patients with non- 
Hodgkin's lymphoma has led to a number of studies (1-6), 
including the recent IPFP (7). In the IPFP, over 2000 patients 
treated with doxorubicin-based combination chemotherapy were 
evaluated to determine which pretreatment clinical features pre- 
dicted for improved survival. Age, tumor stage, serum LDH, 
performance status, and number of extranodal disease sites were 
found to be significant in a multivariate stepwise analysis and 
were used to construct a model that predicted patients' relative 
risk of death. 

Candidates for radioimmunotherapy represent a different 
patient group than those considered in the IPFP. The histological 
types of the RIT patients are less homogeneous, and extent of 
disease is heavily weighted toward Ann Arbor stages 3 and 4. 
Furthermore, RIT patients have been extensively treated with 
combination chemotherapy (8-10) and external beam radiother- 
apy. Additionally, RIT represents a different therapeutic modal- 
ity than chemotherapy or standard radiotherapy, and it cannot be 
assumed that the same set of pretherapy parameters would be 
predictive of outcome. 

For that reason, the predictive value of 21 pretherapy 
parameters were evaluated in patients with B-lymphocytic ma- 
lignancies that were subsequently treated with 131 I- or 67 Cu- 
labeled Lym-1 antibody (1 1-16). It was found that these patients 
with advanced disease could effectively be categorized into low, 
medium, and high risk groups for early failure and death based 
on LDH (percentage above normal range) and performance 
status, two of the five parameters found to be of importance in 
the IPFP. As an indication of the population differences, it is of 
interest that the IPFP risk factor of stage (I and II versus III and 
IV) was not applicable to these patients because they all were 
stage III or IV. 

The present report evaluates parameters specifically rele- 
vant to RIT, including HAMA, dosimetry, and pharmacokinet- 



3 The abbreviations used are: RIT, radioimmunotherapy; IPFP, Interna- 
tional Non-Hodgkin's Lymphoma Prognostic Factors Project; LDH, 
lactic dehydrogenase; HAMA, human antimouse antibody; KPS, 
Karnofsky performance status; CR, complete remission; PR, partial 
response; TTP, time to disease progression. 
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ics. To reduce the possibility that these treatment-related param- 
eters may serve as surrogates for overall patient status, general 
baseline risk factors were also included in the analyses. This 
type of analysis is critical to the evaluation of potential thera- 
pies, providing information relative to appropriate patient selec- 
tion and radionuclide dosage planning. 

MATERIALS AND METHODS 

Patient Selection. Fifty-seven heavily pretreated, adult 
patients with B -lymphocytic malignancies whose disease was 
progressing despite standard therapy were entered into clinical 
trials of Lym-l-based RIT between September 1985 and March 
1994. Fifty-three patients received treatment with 13l I-Lym-l 
and 4 received treatment with 67 Cu-Lym-l. The clinical trials 
were early phase studies (two were maximum tolerated dose 
trials). Patient doses were based on the assigned dose level at the 
time of patient enrollment. RIT doses were repeated at 2-6- 
week intervals. The median number of infusions was three 
(range, 1-16). Patients were evaluated immediately before and 
approximately 1, 4, 8, 12, 24, 36, and 48 weeks after radiola- 
beled antibody infusion and at 6-month intervals thereafter. 
Before treatment, all patients were advised of the investigational 
nature of the study and signed an informed consent for protocols 
that were approved by the University of California at Davis 
Human Subjects and Radiation Use Committees under an In- 
vestigational New Drug authorization from the United States 
Food and Drug Administration. 

Fifty-two patients had non-Hodgkin\s lymphoma (11, 32, 
and 9 classified as low, intermediate, and high grade, respec- 
tively, based on the Working Formulation) and 5 had chronic 
lymphocytic leukemia. There were 34 men and 23 women. 
Median age was 55 years (range, 30-74). Median KPS was 70 
(range, 40-90). The median number of prior chemotherapy 
regimens was 4 (range, 1-13). All 57 patients had malignancies 
that showed evidence for Lym-1 reactivity as demonstrated by 
immunophenotypic studies. 

Patient Risk Groups for Early Failure and Death. For 
the purpose of this study, patients were categorized into three 
risk groups based on their LDH and KPS values using informa- 
tion from the proportional hazards model for survival developed 
previously (11). In that model, the patient's LDH as a ratio of 
upper range of normal was categorized on a scale of 1-4 based 
on the following criteria: 1, <0.9; 2, 0.9-1.11; 3, 1.12-1.9; and 
4, >1.9. From the model, the formula for risk assignment was 
0.70 (LDH grade)-0.05 (KPS). Using this model, an increase in 
LDH grade by one level increased the logarithm of the hazard 
by 0.7. This increase roughly corresponded to a decrease in KPS 
of 10 units, which increased the log hazard by 0.5. The rela- 
tionship between risk groups and histological grades was weak, 
and all histological grades were represented in each risk group. 

Quantitative HAMA. Quantitative HAMA assays for 
reactivity against Lym-1 were performed by EL1SA using serum 
from a patient with Lym-1 antiglobulin (HAMA) titer as the 
positive standard. In this study, HAMA titer was considered 
positive at 5.0 |xg/ml (17). For protocol entry, prior immuno- 
therapy was permitted, but a negative HAMA was required. 

Therapeutic Study Agents. Lym-1 is an IgG2a mouse 
monoclonal antibody that is B lymphocyte specific and has 



avidity for a membrane-associated antigen found on most ma- 
lignant B cells (18). 13 ^-labeled Lym-1 was prepared using 
chloramine-T at a mass ratio of about 1 fxg of chloramine-T:10 
\ig of Lym-1 (19). 67 Cu-labeled Lym-1 ( 67 Cu-2-iminothiolane- 
6-[p-(bromoacetamido)benzyl]- 1 ,4,8, 1 1 -tetraazacyclotetra- 
decane-AW\Af'\W"'-tetraacetic acid-Lym-1) was prepared by 
the methods described previously (20). At least 90% of radio- 
activity was associated with Lym-1 by immunochemical char- 
acterization, and the pharmaceutical exhibited at least 65% 
immunoreactivity (19-21). 

Pharmacokinetics and Radiation Dosimetry. Methods 
for collecting the pharmacokinetic data and calculating radiation 
absorbed dose have been described previously (22, 23). Briefly, 
planar images of conjugate views were acquired immediately, 
2-6 h, and daily up to 10 days after administration of the 
radiopharmaceutical. The amount of activity in organs and tu- 
mors was determined using either geometric-mean or effective- 
point-source methods, depending on whether the source object 
could be identified on both or one conjugate view (22-25). 
Coincidence at high counting rates was corrected using a refer- 
ence source (26). Blood samples were collected during imaging 
sessions, and the radioactivity in each sample was determined 
using a gamma well-counter. 

Cumulated activity was determined by fitting pharmacoki- 
netic data to a monoexponential function except for the blood, 
where a biexponcntial fit was used (22, 23, 27). Radiation dose 
was calculated based on Medical Internal Radiation Dose for- 
malism (28, 29). A uniform distribution of radionuclide in the 
tissues was assumed, and Medical Internal Radiation Dose data 
for "standard man" was used for the organ S factors (30, 31) 
except for spleen, where actual volume was used. Spleen vol- 
ume was determined using computed tomography images ex- 
cept for four patients, where single-photon emission computed 
tomography images were used (32) because computed tomog- 
raphy images of the spleen were not available. Patients that had 
a splenectomy were considered to have zero volume and zero 
cumulative activity for the purposes of analysis. For other spleen 
parameters, these patients were excluded from analysis. 

Two patients in this study had an immunoadsorption pro- 
cedure at 6 h after infusion of the 131 LLym-l dose to reduce the 
radiation dose to normal tissues (33). The cumulated activity 
was calculated for these patients by summing the activity over 
time that was separately determined before and after the immu- 
noadsorption procedure. 

Tumor radionuclide uptake measurements were made only 
for those tumors for which adequate dosimetry could be ex- 
pected based on previous work using tumor phantoms (34). This 
included a criterion that the tumor be at least 2 cm in diameter. 
Eight patients had no tumors that met these criteria; 13 patients 
had only one tumor that met the criteria. To provide an overall 
picture of tumor dosimetry when multiple tumors were present, 
the tumors that had the least and greatest rads/mCi dose were 
selected for each patient from among those that could be quan- 
titated. When only one tumor met the criteria, the dose to this 
tumor was included in analysis of lowest tumor dose and great- 
est tumor dose as predictors of outcome. 

To assess radiation to the marrow, penetrating radiation 
from the body, nonpenetrating radiation from the blood (27, 35), 
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Table J Dosimetric therapy-related parameters evaluated for predictive potential 



Description 



Tumor* 

Radiation dose (rads/mCi) 
45; 3.8 (0.3-12.7) fr 

Radiation dose (rads) 
45; 241 (16-1485) 
Blood 

Cumulative activity (jxCihr X JO 6 ) 
51; 0.41 (0.003-3.78) 

Bone marrow 

Nontargeted radiation dose (rads) 

51; 22 (4-90) 
Targeted radiation dose (rads) 

50; 16.6 (0.6-55.9) 
Total radiation dose (rads) 
50; 41 (7-126) 
Spleen 

Radiation dose (rads/mCi) 

37; 1.9 (0.3-8.2) 
Cumulative activity as percentage of 

total body (%) 
51; 3.38 (0-15.1) 



Dose to tumor from the first treatment per unit of injected mCi dose of 
radionuclide. Reflects tumor radiation dose independent of the injection 
dose or dosing schedule. 

Total radiation dose to tumor from the first treatment. 



Time-dependent integration of radionuclide level (equivalent to area 
under the curve for drug concentration). Directly linked to radiation 
dose by the physical constants for the specific radionuclide. 

Sum of the radiation doses contributed by penetrating radiation from the 

body and nonpenetrating radiation from the blood. 
Contribution from nonpenetrating radiation from radionuclide targeted to 

marrow elements. 
Sum of targeted and nontargeted radiation dose. 



Dose to the spleen from the first treatment using the patient's 

tomographic splenic volume. 
Cumulative activity for the spleen divided by the total body cumulative 

activity. Calculated by time dependent integration of radionuclide 

level. Used as a measure of the spleen as a "sink" for the radiolabeled 

antibody. 



a Tumor with maximum radiation dose (rads/mCi). 
b Number of patients; median (range). 



and nonpenetrating radiation from targeting of the marrow (36) 
were considered. 

Outcome Assessment. Complete staging by X-ray, 
physical exam, and computerized tomography was performed 
prior to RIT. Tumor sites were reevaluated during treatment and 
at 1-6-month intervals thereafter. 

To qualify as a response, tumor regression must have 
persisted for at least 4 weeks. Responses were classified as: CR, 
the complete absence of demonstrable disease including nega- 
tive bone marrow examination; PR, a decrease in the sum of the 
products of all tumor dimensions by at least 50%, or all tumor 
volumes by at least 70%; stable disease; and progression, an 
increase of" at least 25% in the size of any lesion or the devel- 
opment of new lesions. 

TTP was measured from the start of treatment. Survival 
time was measured from the start of treatment to death or the 
date of the last follow-up for surviving patients. 

RIT-specific Predictive Factors. All dosimetric and 
pharmacokinetic parameters potentially related to treatment out- 
come were considered for analysis. In general, these parameters 
were selected based on their relevance to either antitumor ac- 
tivity or normal tissue toxicity. A list of these parameters to- 
gether with definitions are provided in Table 1 (dosimetry) and 
Table 2 (pharmacokinetics). 

Statistical Methods. Statistical analyses were done us- 
ing SAS version 6.08 (37). Analysis of potential predictors of 
CR and CR + PR (overall response) was done using logistic 
regression. Analysis of TTP and survival was done using pro- 
portional hazards models (38). A multivariate analysis including 
the LDH/KPS-based risk group was done for all parameters 
significant at P = 0.1 in univariate analysis to evaluate the 
degree to which the new parameters would increase the ability 



to predict beyond prediction based on the general information 
known about the patient. All parameters that continued to be 
significant at P ~ 0.1 were considered for the final multivariate 
analysis with retention based on P < 0.05. Initial multivariate 
analyses included only those patients with values for all param- 
eters under consideration, as required by the modeling method. 
The final model included all patients because all patients had the 
required information based on the final parameters selected. 

Parameters that varied with time were included as time- 
dependent variables in the analysis of TTP and survival (38). 
For example, patients were not grouped as responders versus 
nonresponders with time to event calculated separately for the 
two groups, a method known to be biased (39). Instead, at each 
follow-up time, all patients without an event to that point were 
categorized as having had a response by that time or not, and 
this information was used in the calculation of a hazard ratio. 

The usual proportional hazards model assumes a linear 
increase in the log hazard as a function of the predictor. How- 
ever, when data include extreme values, the relationship can 
often be more accurately described assuming a linear relation- 
ship with a log transformation of the predictor values. For this 
reason, natural logarithms of the HAMA titers were used for the 
purpose of the time-dependent analysis of maximum HAMA. 
All patients were assigned a score of zero at baseline (based on 
the fact that all were considered HAMA negative at start of 
study). For patients that became HAMA positive, at each sub- 
sequent evaluation the log of the maximum HAMA titer to that 
point was used. 

Analyses involving pharmacokinetics and dosimetry (ad- 
ministered radionuclide dose and radiation dose) included only 
those patients that received 13I I-Lym-l to prevent confounding 
due to differences in the radionuclide. The two patients that 
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Table 2 Pharmacokinetic therapy-related parameters evaluated for predictive potential 

Description 



Tumor" 

Biologic clearance half-life (days) 
43; 1.4 (0.5-7.2)* 

Peak concentration (%ID/g) 

45; 0.03 (0.001-0.48) 
Immediate concentration (%ID/g) 

45; 0.13 (<0.001-0.54) 
Extrapolated zero time 

concentration (%ID/g) 

43; 0.02 (0.001-0.48) 
Blood 

Alpha half-time (h) 

50; 2.6 (0.1-13.1) 
Beta half-time (h) 

50; 29 (15-63) 
VDss (liters) 

50; 18 (5-80) 
Total body 

Total body clearance (h) 

49; 29 (21-54) 
Spleen 

Immediate uptake (%ID) 
49; 4.4 (0-24.7) 

a Tumor with maximum radiation dose (rads/mCi). 
b Number of patients; median (range). 



Time required to clear one-half of the radionuclide from the tumor after correcting for 

radionuclide decay; determined by fitting the observed concentrations (%ID/g) for the tumor 
using a monoexponential function. 
Maximum measured concentration of radionuclide, usually observed at 6 or 24 h after infusion 

using quantitative radionuclide imaging. 
Measured concentration of radionuclide observed immediately after infusion using quantitative 
radionuclide imaging. 

Concentration of radionuclide calculated to be present at time zero by extrapolation of the 
monoexponential fit of subsequently observed concentrations. 

Initial rapid biological clearance half-time. Time required for one-half the initial rapid clearance 
corrected for radionuclide decay. Based on biexponential function adjusting for slow phase fit. 
Slow biological clearance half-time. Determined by fitting the later observed radionuclide levels 

to a monoexponential function. 
Volume of distribution of radionuclide after equilibration leads to steady state. Reflects the 
equilibrated space of the radiolabeled antibody. 

Biological clearance half-time determined by fitting the observed percentage of injected dose over 
time to a monoexponential function. 

Spleen uptake measured immediately after infusion using radionuclide imaging. 



received immunoadsorption were also excluded for analyses 
involving clearances from tumor, total body and blood and 
extrapolated zero time tumor uptakes because values for these 
patients were modified by the immunoadsorption. 

A number of supplementary analyses were done to confirm 
the results. These included a second multivariate analysis using 
the same parameters but including only patients in the two better 
risk groups, because it is possible that identifying a patient as 
high risk precludes further distinctions and, therefore, would 
invalidate the modeling assumptions. Analyses of parameters 
where it was felt chronic lymphocytic leukemia patients might 
be inherently different from lymphoma patients were repeated 
without this group. The analyses of HAMA and overall response 
as predictors of survival were repeated excluding the four pa- 
tients receiving 67 Cu-Lym-l and the two who underwent an 
immunadsorption procedure. The risk groups used for this study 
were developed based on studying a relatively small number of 
patients, compared, for example, to the IPFP study, so that some 
risk factors might have been missed. Therefore, the two param- 
eter analyses, including risk group and either HAMA or overall 
response as predictors of survival, were repeated using the IPFP 
risk groups. Because all of these supplementary analyses were 
consistent with the primary analysis, only the primary analysis 
is reported. 

RESULTS 

Thirty-one patients achieved at least a PR, including 11 
with CRs. Eighty-seven % of the responders had at least a partial 
response in less than 9 weeks from start of treatment, with a 
median of 4 weeks. At the time of this analysis, all patients had 
progressed. Four patients (all in the low risk group) remained 
alive at 6.3, 4.2, 3.5, and 2.1 years after initiation of treatment. 



Treatment-related Predictors. The values for key treat- 
ment-related parameters are summarized in Tables 1-4. Table 5 
lists characteristics found significant on a univariate basis for 
one or more of the outcome measures. The only pretherapy 
parameter found significant at P ~ 0.1 was larger initial dose 
(mCi), which was predictive for CR. Among parameters meas- 
ured following the first treatment dose, longer a and p half- 
times (h) for blood clearance predicted for CR and improved 
TTP. Increased cumulative activity in the blood (ixCihr), in- 
creased bone marrow nontargeted radiation dose (rads), in- 
creased peak concentration (%ID/g), and extrapolated zero time 
concentration (%ID/g) for the tumor receiving the maximum 
dose (rads/mCi) were also predictive for CR. 

Among the time-dependent variables, CR and overall re- 
sponse (CR or PR) predicted for prolonged time to progression 
and survival. Nineteen of 57 patients developed positive serum 
HAMA levels, and higher HAMA score analyzed as a time- 
dependent variable predicted for improved survival. HAMA 
activity interrupted therapy in only seven patients (12%). 

With a limited number of patients, it is possible that pre- 
dictive parameters might not achieve statistical significance. For 
this reason, the distributions of key parameters not found sig- 
nificant in univariate analyses were reviewed for patients who 
had a CR and for patients who had any response. Complete 
response occurred in patients with a total radiation dose to a 
tumor site from the first treatment dose as low as 3 1 rads and 
with a spleen volume as large as 968 ml. The median spleen 
volume for all patients with responses was 251 ml. These 
numbers suggest that responses can occur in patients often 
considered unlikely to benefit from RIT and that although there 
may be an association between these parameters and outcome, it 
is limited in degree. 
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Table 3 Pretherapy parameters evaluated for predictive potential 



Initial dose (mCi/m 2 ) 
57; 36 (14-100)" 

% Lym-1 reactivity (%) 
49; 60 (10-97) 

Spleen volume (ml) 
47; 251 (0-2077) 
Splenectomy 8 



Radioactive dose planned per 
injection per meter squared of 
body surface area. 

Percentage of malignant cells 
binding to Lym-1 based on 
immunophenotypic studies. 

Measured prior to therapy. 

Splenectomy prior to therapy. 



3 Number of patients; median (range). 



All variables found significant at P = 0.1 in a univariate 
analysis were then tested in a two-parameter model that also 
included baseline risk category (graded 1, 2, or 3 for low, 
medium, or high risk). Parameters predicting improved CR rate 
with P < 0.1 in the two-parameter model were longer blood 
clearance a and p half-times (P = 0.08 in each case). For TTP, 
longer blood clearance P half-time met this criterion (P = 0.06). 
For survival, peak HAMA level and overall response evaluated 
as time-dependent variables remained predictive by this crite- 
rion (P - 0.06 and P = 0.02, respectively). 

Final Multivariate Models. The final predictive models 
were defined to include variables significant at P = 0.05. With 
risk group in the model, none of the treatment-related parame- 
ters met this criterion for CR, overall response, or TTP. For 
survival prediction, the final model included risk category (P < 
0.001) and overall response (P - 0.02). The hazard ratio for risk 
category was 3.5. This indicates that, based on the model, at any 
point in time the relative risk of death increased by 3.5-fold for 
each increase in risk category (e.g., low to medium or medium 
to high). The hazard ratio for overall response was 0.4. This 
indicates that for each point in time, a patient with a response 
had a relative risk of death of 0.4 that of a patient alive at that 
point but without a response. 

DISCUSSION 

Since the initial reports on the efficacy of radioimmuno- 
therapy in B cell malignancies (13, 14), a number of investiga- 
tors have reported promising results from clinical trials using 
Lym-1 (12, 15, 16, 40, 41) and other radiolabeled antibodies 
(42-46), suggesting significant therapeutic potential for this 
novel therapy in patients with non-Hodgkin's lymphoma and 
chronic lymphocytic leukemia. To effectively evaluate new 
therapies such as R1T, it is useful to study treatment parameters 
unique to the nature of the therapy to determine their role in 
predicting outcome. Also, if preliminary results indicate that 
patients do respond, it is important to determine if that response 
influences survival. 

In this heavily pretreated population, no spontaneous re- 
missions were to be expected. Therefore, the presence of re- 
sponses indicated therapeutic effect. This study analyzed CR 
and overall response as time-dependent variables to determine if 
ihey predicted improved TTP and survival from the time of 
occurrence. Overall response predicted improved TTP and sur- 
vival with a high degree of significance (P < 0.001). Presence 
versus absence of a CR was also predictive. Because most of the 
CRs and many of the PRs occurred in the low risk group, it is 



not surprising that information on these outcomes did not sub- 
stantially increase prediction for TTP when risk group was also 
included in the multivariate model. However, even after adjust- 
ment for risk group, overall response was predictive of im- 
proved survival. 

On initial consideration, it might appear that the prediction 
of longer survival based on the presence of a response is self 
evident. However, there have been studies of other therapies that 
have demonstrated therapeutic effect in terms of response, but 
where response did not result in improved survival (39). Among 
other reasons, this can occur when the response is not durable or 
when patients die at a more rapid rate following failure than if 
they had received alternative treatment. Therefore, demonstra- 
tion of a survival benefit following response, where the analysis 
is done in a way that avoids the bias of using responder/ 
nonresponder as patient categories, and which does so after 
adjustment for patient baseline risk factors, indicates meaningful 
benefit from treatment. 

Historically, the possibility of anaphylaxis and other im- 
mune reactions were of concern in RIT using murine antibodies. 
Studies to date have shown that these reactions are not a major 
problem (47). However, repeat dosing may be limited or dose 
effect reduced due to changes in biodistribution secondary to 
HAMA. In spite of this, there are reports of increased HAMA 
titer associated with improved outcome (48). In the study re- 
ported here, patients whose HAMA titers increased during and 
following treatment had improved survival with P = 0.06, even 
when adjusted for patient risk group. The fact that high peak 
HAMA titers predicted improved survival may represent the 
effect of a functioning immune system. It may also suggest 
generation of anti-idiotypic antibodies mimicking the tumor cell 
antigen and facilitating host recognition of tumor (49, 50). 
Whether or not high HAMA titers ultimately prove to be pre- 
dictive, it is clear from this study and others that concern about 
HAMA should not a priori preclude use of RIT. 

Because blood represents the input function of radiolabeled 
antibody to organs and tumor, parameters related to radionuclide 
kinetics in the blood were considered potentially predictive. 
Longer a and p blood clearance half-times were found to be 
predictive of CR and TTP in the univariate analysis. Even with 
risk included in the model, the P half-time was almost signifi- 
cant for TTP at P = 0.06. Prediction based on longer half-times 
is consistent with the concept that rapid clearance from the 
blood prevents sufficient radiolabeled antibody from reaching 
the tumors, and these parameters are analogous to parameters 
describing the area under the curve for a chemotherapeutic 
agent. 

The lack of association between outcome and spleen pa- 
rameters found in this study is of interest because of other 
reports indicating a relationship of spleen size to radionuclide 
biodistribution for patients receiving 131 I antibody therapy (45, 
46). In those studies, patients received therapy only if they were 
considered likely to have a favorable biodistribution, with every 
assessable tumor predicted to receive a higher absorbed dose of 
radiation than key normal organs. Patients with enlarged spleens 
generally did not have favorable biodistribution based on tracer 
studies and were, therefore, not enrolled in the therapeutic 
portion of the trial. A larger spleen is associated with a greater 
number of normal and malignant B-lymphocytes that can take 
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Table 4 Time-dependent parameters evaluated for predictive potential 



Description 



Peak HAMA (|JLg/mi) Defined for each time evaluated in a specific analysis as maximum 

19; 88 (7-1802) rt HAMA score observed to that time for those who became HAMA 

positive (quantitative value exceeded 5 jxg/ml). 

Cumulative dose (mCi/m 2 ) For each time evaluated in an analysis, the sum of the radionuclide doses 

57; 131 (15-508) per meter squared received to that time. 

CR Denoted as positive for all times after a patient has achieved a CR. 
11; 9 (3-38) fr 

Response Denoted as positive for all times after a patient has achieved a response 

31; 4 (0.3-16)* (partial or complete). 



a Number of patients; median (range) for maximum per patient. 

b Number of patients; median (range) for time to event in weeks for those with event. 



Table 5 P for treatment- related parameters significant 


in univariate analysis at P = 


0.1 for one or more of the outcome measures. 




CR 


Response 


TTP 


Survival 


Better outcome 


Initial dose (mCi/m 2 ) 


0.03 


NS fl 


NS 


NS 


Higher dose 


Peak concentration (%ID/g) for 


0.09 


NS 


NS 


NS 


Higher peak 


the high dose tumor 












Extrapolated zero time 


0.1 


NS 


NS 


NS 


Higher concentration 


concentration (%ID/g) for the 












high dose tumor 












Blood cumulative activity (|mCihr) 


0.1 


NS 


NS 


NS 


Higher cumulative 












activity 


Alpha half-time (h) 


0.01 


NS 


0.02 


NS 


Longer time 


Beta half-time (h) 


0.06 


NS 


0.08 


NS 


Longer time 


Nontargeted marrow dose (rads) 


0.09 


NS 


NS 


NS 


Higher dose 


Peak HAMA (ng/ml) 


NA 


NA 


NS 


0.02 


Higher HAMA 


CR 


NA 


NA 


0.04 


0.005 


CR 


Response 


NA 


NA 


<0.001 


<0.001 


Response 



a NS, not significant at P — 0.1; NA, not applicable (time-dependent variables were not considered as possible predictors for CR or Response). 



up antibody, resulting in less antibody available for tumor 
binding outside the spleen. In our studies, patients with enlarged 
spleens were not excluded, and many patients had spleen vol- 
umes that deviated greatly from normal. Therefore, the data 
were useful for determining whether spleen size and/or dose to 
spleen were predictive of outcome from Lym-1 RIT. Analysis 
showed no relation between spleen parameters and outcome, 
even in univariate models. However, the antibodies studied 
target distinctly different antigens: CD20 and CD37 versus 
HLA-Dr (Lym-l)(18, 45). An enlarged spleen may present an 
overwhelming antigen sink for some antibodies, requiring ad- 
justments such as pretherapy loading doses or splenectomy for 
successful therapy. This will need to be evaluated on an indi- 
vidual antibody basis. 

Bone marrow dosimetric parameters were considered be- 
cause of their potential for limiting RIT doses. The only param- 
eter significant in univariate analysis was marrow radiation 
contributed by blood and body sources, which predicted higher 
likelihood of CR with higher dose (rads). This result may reflect 
the higher initial injected doses, which tended to be given to the 
patients without extensive marrow malignancy. However, none 
of the bone marrow variables proved predictive once patient risk 
group was taken into account. 

Because radiotherapeutic response results from energy 
deposition in the tumor tissue, parameters relevant to radionu- 
clide uptake, clearance, and radiation dose for tumor could be 
useful predictors. Past studies have shown that radiation dose to 



tumor can vary considerably and is not easily predicted from the 
amount of radioconjugated-antibody or radionuclide given (41). 
In a study reported by Kaminski et al (44), pretreatment anti- 
body loading dose was selected based on the ratio of radiation 
dose to tumor and total body observed in tracer studies. As noted 
above, Press et al (45, 46) selected patients for RIT by requiring 
that tumor dose be greater than that to normal organs. For 
patients reported here, dose adjustments were not made based on 
tumor uptake, allowing evaluation of tumor dose as a predictor. 
In our analysis, some tumor dose-related parameters were pre- 
dictive in univariate analyses (Table 5), but none improved 
predictive ability beyond information already provided by risk 
group category for any of the outcomes studied. The lack of 
outcome prediction based on tumor dose may have multiple 
causes. It is generally recognized that radiation dose is not 
homogeneously distributed throughout the tumor and differs 
from tumor to tumor. Additionally, radiation dosimetry for 
radionuclide treatment has not reached the level of accuracy of 
radiation dosimetry for external beam radiotherapy. Finally, 
tumor response and survival are the result of complex interac- 
tions of variables including the inherent biology and radiosen- 
sitivity (radiobiology) of the tumor and the clinical and immu- 
nological status of the patient. 

In summary, our intent is to present a model for how to 
approach evaluating RIT therapies, rather than a model for RIT 
therapy. Even with the limitations presented by relatively small 
sample size and the many sources of variability, there was still 
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an indication of positive long-term outcomes based on re- 
sponse to therapy. This reinforces the belief that even heavily 
pretreated patients can derive clinical benefit from treatment 
with Lym-1 RIT. It also demonstrates that concern about 
HAMA need not a priori preclude consideration of such 
therapy. Review of the extensive information available to us 
concerning pharmacokinetics and dosimetry on these patients 
found them to be of limited predictive value once basic 
patient characteristics were considered. It will be important 
for others to complete similar reviews of their data. In the 
interim, although the use of radiation dosimetry to project 
safe dose levels based on potential organ toxicity may have a 
role in treatment planning, we should be cautious in using 
tumor dosimetry to determine patient eligibility or to select 
administered dose of radionuclide. 
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Summary 

Hll is a human IgM monoclonal antibody which recognizes a novel tumour-associated antigen expressed 
on melanoma, glioma, breast cancer, colon cancer, prostate cancer, lung cancer and B-cell lymphoma. In 
this study, a recombinant single-chain Fv (scFv) fragment of Hll labelled with m In was investigated for 
tumour imaging in a thymic mice implanted subcutaneously with A-375 human melanoma xenografts. Hll 
scFv was derivatized with diethylenetriaminepentaacetic acid (DTPA) for labelling with !11 In. The 
immunoreactivity of DTPA-H11 scFv against A-375 cells in vitro ranged from 23% to 36%. m In-DTPA-Hll 
scFv was rapidly eliminated from the blood and most normal tissues (except the kidneys) reaching ( 
maximum tumour/blood ratios of 12:1 at 48 h post-injection. Tumours were imaged as early as 40 min \ 
after injection. The kidneys accumulated the highest concentration of radioactivity (up to 185% injected 
dose/g). Tumour uptake was 1-3% injected dose/g. The whole-body radiation absorbed dose predicted 
for administration of 185 MBq of lu In-DTPA-Hll scFv to humans was 37 mSv. The radiation absorbed 
dose estimates for the kidneys, spleen and intestines were 405 mSv, 698 mSv and 412 mSv, respectively. 
The results of this preclinical study and a concurrent phase I trial suggest a promising role for Hll scFv for 
tumour imaging, (© 2001 Lippincott Williams & Wilkins) 
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Introduction 

Radiolabelled monoclonal antibodies (mAbs) directed 
against tumour-associated antigens are promising radio- 
pharmaceuticals for diagnostic imaging of human malig- 
nancies. Despite some limitations [1], the results of 
clinical trials of these agents over the past 10-15 years 
have been encouraging, particularly for imaging breast 
[2-4], colorectal [5-8], and ovarian cancers [9]. Recently, 
several mAb-based radiopharmaceuticals have been 
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approved by regulatory authorities and introduced into 
clinical practice (e.g. Oncoscint® and Prostascint®, 
Cytogen Inc., and CEA-Scan®, Immunomedics Inc.). 
Intact mAbs generated by conventional murine hybrido- 
ma technology are not ideal for tumour imaging in 
humans [1]. First, intact forms of the mAbs are eliminated 
very slowly from the blood resulting in relatively low 
tumour /blood (T/B) ratios, particularly at early time 
points, which in most cases necessitates delayed imaging 
studies from several days up to 1 week post-injection. 
Second, intact mAbs exhibit poor diffusion across the 
vascular endothelium into the extravascular space and 
incomplete penetration into tumour nodules. Third, 
intact mAbs accumulate non-specifically in normal 
tissues, such as the liver and spleen, due to interaction 
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of the Fc-domain with Fc receptors in these tissues. 
Fourth, murine forms of the intact mAbs are immuno- 
genic in humans and elicit an immune response (human 
anti-mouse antibody, HAMA) which severely restricts 
the ability to perform repeated imaging studies. 

One strategy to overcome the limitations of intact 
murine mAbs for tumour imaging is to utilize fully 
human mAb fragments (e.g. scFv or Fab). The heavy 
and light chain variable regions can be isolated from the 
genomic DNA of a human-human hybridoma [10] or 
from a phage display library of human immunoglobu- 
lins [11]. The isolated V H and V L sequences can be fused 
to a DNA sequence encoding a flexible polypeptide 
linker and inserted into an appropriate expression 
vector for production of the human protein in bacteria 
or eukaryotic cells. Hll® is a fully human IgM mAb 
produced by a human-human hybridoma which recog- 
nizes a novel tumour-associated antigen expressed on 
the cell surface of a large number of human cancers, 
including melanoma, glioma, breast cancer, colon 
cancer, prostate cancer, lung cancer and B-cell lympho- 
ma [12]. Hll scFv is a recombinant scFv fragment 
produced in Escherichia coli by an expression vector 
encoding the V H and V L sequences of the antibody 
linked by a flexible polypeptide sequence (P.K. Maiti et 
ah manuscript in preparation). Our objectives in this 
study were to evaluate Hll scFv labelled with ln In for 
imaging human melanoma xenografts in athymic mice 
and also to predict the corresponding radiation ab- 
sorbed doses in humans. 



Methods 

Establishment of melanoma xenografts 

A-375 human melanoma cells were obtained from the 
American Type Culture Collection (Rockville, MD) and 
were cultured in DMEM supplemented with 10% fetal 
calf serum (Sigma, St. Louis, MO). Single cells were 
recovered by trypsinization with 0.25% trypsin/EDTA 
(Sigma) and resuspended in sterile 150 mM sodium 
chloride. Approximately 3-5xlO e cells were injected 
subcutaneously in the hind leg of 4-6 week old female 
Swiss athymic (nu/nu) mice (Charles River Laboratories, 
Boston, MA). The melanoma xenografts were allowed to 
grow to a size of 0.3-0.6 cm in diameter for the imaging 
and biodistribution studies. 

Hll scFv 

Hll (Viventia Biotech Inc.) is a fully human monoclonal 
antibody (mAb Hll) that recognizes a tumour-associated 
antigen widely expressed on different types of tumours 



[12]. Hll scFv is a recombinant antibody fragment 
retaining the same specificity as the parent molecule 
consisting of the Vh and V L sequences of Hll fused 
through a flexible peptide linker [(GGGGSfe]. Hll scFv 
was expressed in E, coli and purified by metal affinity 
chromatography and was supplied by Viventia Biotech 
Inc. as a 72 mg-ml" 1 solution in phosphate buffered 
saline pH 7.4. 

Derivatization of Hll scFv with DTP A and radiolabelling 
with m In 

Hll scFv was derivatized with the bicyclic anhydride of 
diethylenetriaminepentaacetic acid (DTPA bicyclic anhy- 
dride, Sigma Chemical Co., St. Louis, MO) for radiolabel- 
ling with X11 ln as previously described [13]. Briefly, Hll 
scFv was buffer-exchanged into trace metal-free 50 mM 
sodium bicarbonate buffer pH 7.5 in 150 mM sodium 
chloride using Centricon-30 (Amicon, Beverley, MA) 
ultrafiltration devices. A 5-fold molar excess of DTPA 
bicyclic anhydride was then dispensed as a 1 mg-mP 1 
suspension in chloroform (ACS grade, Fisher Scientific 
Inc.) into a glass Reacti-Vial® (Pierce Chemical Co., 
Rockford, IL) and the chloroform was evaporated under 
a gentle stream of nitrogen. Hll scFv (10 mg-ml" 1 in 
50 mM sodium bicarbonate buffer pH 7.5, in 150 mM 
sodium chloride) was added and the reaction mixture 
incubated for 30 min at room temperature. The conjuga- 
tion efficiency (molecules DTPA/molecule scFv) was 
determined by trace radiolabelling of an aliquot of the 
reaction mixture (5 /il, 50 ng) with nl In-acetate (0.9- 
1.85 MBq, 25-50 nCi) and separating radiolabeled scFv 
from free radiolabeled DTPA by silica gel instant thin 
layer chromatography (ITLC-SG) developed in 100 mM 
sodium citrate buffer, pH 5.0. The substitution level 
(molecules DTPA/molecule scFv) was calculated by 
multiplying the conjugation efficiency by the molar ratio 
(DTPA bicyclic anhydride:scFv) used in the reaction (5:1). 
DTPA-derivatized Hll scFv was purified from excess 
DTPA on a Sephadex G-25 mini-column and reconcen- 
trated to 2-5mg-ml" 1 on a Centricon-30 device, A 
control, irrelevant scFv directed against blood group A 
(AC1001 scFv) [14] was derivatized with DTPA identi- 
cally to Hll scFv. 

DTPA-derivatized Hll scFv was radiolabeled with 
lu In to a specifc activity of approximately 1.85- 
3.7 MBq^g~* (50-100 /iCi-/ig~ J ) by incubation with 
m In acetate for 30 min at room temperature. m In acetate 
was prepared by mixing equal volumes of lu In chloride 
( > 3700 MBq-mP \ MDS-Nordion, Kanata, ON) and trace 
metal-free- 1 M sodium acetate buffer, pH 6.0. Radiola- 
beled Hll scFv was purified from excess m In on a 
Sephadex G-25 mini-column eluted with 150 mM sodium 
chloride. The radiochemical purity of m In-DTPA-Hll 
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scFv was determined by instant thin layer chromatogra- 
phy (ITLC-SG) in 100 mM sodium citrate pH 5.0. 

Immunoreactivity testing 

The immunoreactivity of DTPA-derivatized Hll scFv was 
compared with non-derivatized Hll scFv by flow cyto- 
metry or fixed-cell ELISA using A-375 human melanoma 
cells as previously described [12]. Flow cytometry was 
conducted by incubating Hll scFv with A-375 cells for 2 h 
at 37°C. Binding of Hll scFv was determined by 
subsequent incubation of the cells with a rabbit polyclonal 
anti-Hll scFv secondary antibody followed by a fluor- 
escein-conjugated anti-rabbit IgG tertiary antibody. The 
mean fluorescence of the cells relative to that obtained by 
incubation with an irrelevant control scFv (AC1001 scFv) 
was measured for DTPA-derivatized Hll scFv and 
compared with non-derivatized Hll scFv. 

The fixed-cell ELISA was conducted by suspending A- 
375 cells in Hank's balanced salt solution containing 0.5% 
formalin and plating approximately 10 4 cells onto 96-well 
microtitre plates (50 /il/well). The plates were centri- 
fuged at 1500 rpm for .10 min, the supernatant was 
removed and the plates were air dried at 37 S C overnight. 
The plates were then incubated with blocking buffer 
(phosphate buffered saline containing 1% bovine serum 
albumin and 0.5% Tween 20), washed, and incubated 
with 2.5/ig-mr 1 of DTPA-H11 scFv, non-derivatized 
Hll scFv or control AC1001 scFv. The plates were 
washed again and incubated with a rabbit polyclonal 
anti-Hll scFv secondary antibody followed by an anti- 
rabbit IgG-horseradish peroxidase tertiary antibody. The 
complex was detected by adding TMB substrate (Kirke- 
gaard Perry Laboratories/ Gaithersburg, MD) and mea- 
suring the absorbance at 450 nm in a plate reader. 

Animal imaging and biodistribution studies 

Swiss athymic (nu/nu) mice bearing subcutaneous (s.c) A- 
375 melanoma xenografts were injected intravenously in 
the tail vein with 1.85-3.7 MBq (50-100 fid, 0.5-1 fig) of 
m In-DTPA-Hll scFv. At selected times up to 72 h post- 
injection, groups of three to seven mice were killed by 
cervical dislocation and the tumour and samples of 
normal tissues removed to measure levels of radio- 
activity. Additional groups of four to five mice were 
injected with ni In-DTPA-AC1001 control, scFv or with 
I-human serum albumin, a blood perfusion marker. 
125 I-human serum albumin was purchased from Drax- 
Image Inc. (Dorval, PQ). Tissue samples were weighed 
and counted along with a standard of the injectate in a 
gamma counter (Packard Auto Gamma 5650, Packard 
Instruments, Downer's Grove, IL) using a window of 150- 
270 keV for nl In. The tumour and normal tissue uptake 



of lu In-DTPA-Hll scFv was expressed as per cent 
injected dose per gram of tissue (% i.d./g) and as 
tumour/normal tissue (T/NT) ratios. Dynamic posterior 
whole-body images were obtained in some mice on a 
Siemens ZLC-3700 gamma camera (Siemens, Knoxville, 
TN) fitted with a medium energy pinhole collimator and 
interfaced to a General Electric Star 4000i computer 
(General Electric, Milwaukee, WI). Images were acquired 
at 10 min intervals for up to 2 h post-injection of m In- 
DTPA-H11 scFv using a 20% window centred over the 
172 and 247 keV photopeaks of U1 ln. Animal studies 
were conducted under an approved Animal Care Protocol 
(# 97-007) at Toronto General Hospital and following the 
Canadian Council on Animal Care (CCAC) guidelines. 

Radiation dosimetry calculations 

Radiation absorbed dose estimates for administration of 
m In-DTPA-Hll scFv to humans were calculated based 
on the biodistribution of the radiolabeled antibody in 
mice. The organ uptake (% i.d./g) in mice at selected 
times post-injection was multiplied by the organ weights 
(g) to obtain the total percentage of the injected dose in 
the organs (% i.d.)- For the purposes of radiation 
absorbed dose calculations, an injected dose of 1 Bq and 
an organ biodistribution (% i.d.) in humans identical to 
that in mice was assumed. The area under the radio- 
activity versus time curve for each organ (Bq-h) in mice 
was determined using the trapezoidal rule [15] and the 
mean residence time for each organ (t) was then 
calculated by dividing the area under the curve (kBq-h) 
by the injected dose (kBq). The radiation absorbed dose 
estimates (D) in humans were calculated using the 
MIRDOSE computer program [16] as D = tS, where S is 
the mean absorbed radiation dose to a target organ per 
unit cumulated radioactivity in the source organ. 

Statistical analysis 

Statistical comparisons were made using Student's Mest 
(P<0.05). Tumour and normal tissue uptake and 
tumour /normal tissue ratios were expressed as mean± 
standard error of the mean. 



Results 

Radiolabelling of Hll scFv with 111 In 

Reaction of Hll scFv with a 5-fold molar excess of the 
bicyclic anhydride of DTPA resulted in substitution of 
1.5 ±0.4 molecules of DTPA/molecule Hll scFv (n = 8). 
The immunoreactivity of DTPA-H11 scFv relative to non- 
derivatized Hll scFv was 23 ±16% by flow cytometry 
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and 36 ±18% by fixed-cell ELISA. The radiolabelling 
efficiency of Hll scFv with m In ranged from 70% to 95% 
but after purification, the final radiochemical purity was 
>95% as determined by ITLC-SG in 100 mM sodium 
citrate pH 5.0. 

Biodistribution and tumour imaging studies with 
ul In-DTPA-Hll scFv 

The tumour and normal tissue uptake of ul In-DTPA-Hll 
scFv and tumour/normal tissue (T/NT) ratios at selected 
times post-injection are shown in Fig. 1. The level of 
radioactivity of U1 ln-DTPA-Hll scFv in the blood 
decreased rapidly from 4.4 + 0.9% i.d./g at 3 h post- 
injection to 0.14 + 0.01% i.d./g at 72 h. The concentration 
of m In-DTPA-AC1001 scFv (irrelevant control scFv) in 
the blood at 72 h post-injection was 0.19 ±0.01% i.d./g. 
Tumour uptake of m In-DTPA-Hll scFv increased from 
1.1+0.3% i.d./g at 3 h to 2.7±0.6% i.d./g at 48 h, then 
decreased to 1.2 ±0.2% i.d./g at 72 h. The tumour/blood 
(T/B) ratio (Fig. 2) increased from 0.3 ±0.1 at 3 h, to 
2.9±0.9 at 24 h, reached a maximum of 12.0±3.4 at 48 h 
post-injection, then decreased to 8.8 ±1.4 at 72 h post- 
injection. The tumour uptake of In-DTPA-AClOOl at 72 h 
post-injection was 1.2 ±0.3% i.d:/g and was not sig- 
nificantly different from that of n *In-DTPA-Hll scFv. 
The T/B ratio for m In-DTPA-AC1001 scFv (6.2 + 1.4) was 
also not significantly different (P = 0.24) to that for m In- 
DTPA-H11 scFv (8.8 ±1.4) at 72 h post-injection. The T/B 
ratio for 125 I-human serum albumin (a tumour perfusion 
marker) at 48 h post-injection (1.1 ±0.6) was significantly 
lower (P = 0.04) to that for m In-DTPA-Hll (12.0±3.4). 



Reilly et al 

There was a suggestion of a lower absolute tumour 
uptake for 125 I-human serum albumin (0.9 ±0.5% i.d./g) 
compared to lll In-DTPA-Hll scFv (2.7±0.6% i.d./g) at 
48 h post-injection, but the difference did not reach 
statistical significance (P = 0.08). 

Among normal tissues, the kidneys accumulated the 
highest concentration of in In radioactivity (up to 185% 
i.d./g at 16 h), but renal radioactivity decreased more 
than 6-fold to 30-35% i.d./g at 48-72 h post-injection 
(Fig. 1). The concentration of radioactivity in the liver and 
spleen was relatively low, reaching maximum values of 
4.5 ±0.8% i.d./g and 3.4 ±0.4% i.d./g, respectively, at 
16 h post-injection. Tumour/ normal tissue (T/NT) ratios 
at 48 h post-injection exceeded 2:1 for blood, heart, lungs, 
stomach and intestines, were approximately 1.5:1 for the 
liver and spleen, but were much less than 1:1 for the 
kidneys (due to high renal uptake of radioactivity) (Fig. 
2). A dynamic imaging study (Fig. 3) in athymic mice 
with subcutaneous A-375 melanoma xenografts clearly 
demonstrated tumour uptake of radioactivity as early as 
40 min post-injection of m In-DTPA-Hll scFv. Tumours 
were also visualized at 24 h post-injection (not shown). 
The kidneys were the predominant normal tissue 
visualized on the images. Lower amounts of radioactivity 
were observed in the heart (blood pool), liver and bladder 
(due to urinary excretion). 

Radiation absorbed dose calculations 

Radiation absorbed dose estimates predicted for the 
administration of m In-DTPA-Hll scFv to humans are 
shown in Table 1. The highest radiation absorbed doses 
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Fig. 1. Tumour and normal tissue localization (per cent injected dose/g) of ni In-DTPA-Hll scFv at selected times post-injection in 
athymic mice bearing subcutaneous A-375 human melanoma xenografts. Tissues shown are blood (B), heart (H), lungs (Lu), liver (L), 
kidneys (K), spleen (Sp), stomach (S), intestines (I) and tumour (T). 
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Fig. 2. Tumour /normal tissue ratios for in In-DTPA-Hll scFv at selected times post-injection in athymic mice bearing subcutaneous 
A-375 human melanoma xenografts. Tissues shown are blood (B), heart (H), lungs (Lu), liver (L), kidneys (K), spleen (Sp), stomach (S) 
and intestines (I). 



would be received by the kidneys, spleen and intestines. 
Assuming an injected dose of 185 MBq of m In-DTPA- 
Hll scFv in humans, the radiation absorbed dose to the 
whole body would be approximately 37 mSv. The 
radiation absorbed dose to the kidneys, spleen and 
intestines from ul In-DTPA-Hll scFv would be 
405 mSv, 698 mSv and 412 mSv, respectively. 

Discussion 

MAb fragments (e.g. Fab' and scFv) are advantageous for 
tumour imaging because they are rapidly eliminated 
from the blood and normal tissues, exhibit low non- 
specific uptake by the liver, penetrate deeply into tumour 
nodules and have low immunogenicity in humans [1]. In 
this study, the tumour-imaging properties and radiation 
dosimetry of a recombinant scFv fragment Hll labelled 
with in In were evaluated in athymic mice implanted 
with A-375 human melanoma xenografts. Hll recognizes 
a novel tumour-associated antigen that is expressed on 
the cell surface of several human cancers including 
melanoma, glioma, breast cancer, colon cancer, prostate 
cancer, lung cancer and B-cell lymphoma [12]. 1 "ln-Hll 
scFv exhibited rapid tumour uptake and was quickly 
eliminated from the blood and most normal tissues 
(except the kidneys) allowing successful tumour imaging 
as early as 40 min after injection. 



Flow cytometry and fixed-cell ELISA testing of Hll 
scFv following derivatization with DTPA demonstrated 
decreased immunoreactivity of the antibody in vitro 
(immunoreactivity of 23-36% relative to unconjugated 
Hll scFv). Decreased immunoreactivity of mAbs result- 
ing from derivatization with the bicyclic anhydride of 
DTPA is well recognized [13, 17], This can be particularly 
problematic for antibody fragments such as Fab and scFv, 
since DTPA groups may be inadvertently introduced 
near complementarity determining regions (CDRs). One 
possible means of addressing this issue may be to 
engineer a radiometal binding site directly into the scFv 
protein. For example, Pietersz et al [18] incorporated the 
gene for metallothionein into an expression vector for an 
anti-CEA scFv to produce a recombinant scFv which 
contained an internal radiometal binding site for direct 
labelling with 99 Tc m . 

The similar levels of tumour accumulation observed 
for Hll scFv and the AC1001 non-specific control scFv 
could be due to the low immunoreactivity of Hll scFv 
following derivatization with DTPA, but may also be due 
to other factors. Tumour uptake of radiolabeled anti- 
bodies is controlled by the rate of diffusion of the 
antibodies across the tumour vascular endothelium, their 
rate of elimination from the blood, extent of sequestration 
by normal tissues, and specific binding to tumour- 
associated antigens on cancer cells [1], The relative 
contribution of each of these processes to tumour 
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Fig. 3. Dynamic posterior whole-body images at 10 min intervals in an athymic mouse with a subcutaneous A-375 melanoma 
xenograft on the left hind leg administered U1 ln-DTPA-Hll scFv. The tumour was clearly visualized as early as 40 min after 
injection. Normal tissues also visualized on the images include the heart liver, kidneys and urinary bladder. 



Table 1. Radiation absorbed dose estimates* in humans from 


administration of 


m In-DTPA-Hll scFv 


Organ 


Radiation absorbed dose-f (mSv-Bq xl0~ 7 ) 


Heart 


15.76 


Lungs 


6.32 


Liver 


6.27 


Kidneys 


21.92 


Spleen 


37.73 


Stomach 


14.57 


Intestine 


22.30 


Whole body 


2.00 



*Radiation absorbed closes estimates in humans were based on the 
biodistribution of radiolabeled Hll scFv in athymic mice implanted 
with subcutaneous A375 melanoma xenografts. ^Calculated using the 
MIRDose computer program. 



localization is not known. Antigen-binding is recognized 
to be relatively weak for scFvs compared to intact mAbs 

Nuclear Medicine Communications (2001) 22 



due to their lower affinity and avidity (due to mono- 
valency for antigen binding). Adams et al. [19] recently 
showed a direct relationship between the tumour uptake 
of 125 I-labelled scFvs directed against the HER2/neu 
growth factor receptor in mice implanted with SK-OV-3 
ovarian cancer xenografts and in vitro binding affinity. 
The tumour uptake ranged from as low as 0.2% i.d./g for 
C6G98A scFv (K d = 32x 10" 7 M), to 0.8% i.d./g for C6.5 
scFv (K rf =1.6xl0~ 8 M), to as high as 1.4% i.d./g for 
C6ML3-9 scFv (K d = 1 x 10 " 9 M). Similar to our results, 
the tumour uptake of C6G98A scFv (which exhibited the 
lowest antigen binding affinity) was not significantly 
different from that of an irrelevant anti-digoxin control 
scFv (0.18% i.d./g), despite demonstration of specific 
antigen binding in vitro. T/B ratios at 24 h post-injection 
were slightly higher for C6G98 scFv (3.5:1) than for the 
irrelevant scFv (2.6:1), 

The affinity of Hll scFv for its antigen may affect 
tumour localization but factors such as the diffusion rate 
into the tumour, ehmination rate from the blood and 
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uptake by normal tissues may also play a prominent role. 
Nevertheless, the observation that the T/B ratios in- 
creased over time (Fig. 2) and the demonstration of 
specific binding to A-375 melanoma cells in vitro (by flow 
cytometry and fixed cell ELISA) suggest that antigen 
binding to tumour cells occurs in vivo. The tumour 
uptake of Hll scFv does not appear to be due to 
increased tumour blood flow, since the T/B ratio for 
m In-DTPA-Hll scFv at 48 h post-injection (12:1) was 
significantly higher than that for 125 I-human serum 
albumin (approximately 1:1), a marker of tumour blood 
perfusion. Nevertheless, improvements in the specific 
tumour uptake of Hll scFv could possibly be achieved 
by modifications to the radiolabelling method as pre- 
viously discussed or by increasing its avidity through 
cross-linking of scFv molecules through one of the 
constant domains of human IgG (e.g. C H 3, 'minibody') 
[20] or through utilization of a dimeric form of the 
antibody fragment [21]. For example, Hu et al [20] 
showed that the tumour uptake of T84.66 anti-CEA scFv 
minibody was increased at least 7-fold compared to 
monomeric scFv in athymic mice with LS174T human 
colon cancer xenografts. Pavlinkova et al [21] recently 
observed that the tumour uptake of dimeric CC49 scFv 
directed against the TAG-72 antigen was improved-more 
than 3-fold in mice with LS174T tumours compared to an 
earlier study [22] using monomeric CC49 scFv. 

The radiation absorbed dose estimates for administra- 
tion of 185 MBq (5mCi) of U1 ln-DTPA-Hll scFv to 
humans suggest that the whole-body dose (Table 1) 
would be approximately 37 mSv (2x 10~ 7 mSv-Bq" 1 ). 
The whole-body radiation absorbed dose is just slightly 
higher than that associated with common nuclear 
medicine procedures such as tumour imaging with 
m In-satumomab pentetide (Oncoscint®, 1.5 xlO" 7 
mSv'Bq" 1 ) [23] or m In-pentetreotide (Octreoscan®, 
l^xlO^mSvBq" 1 ) [24]. The radiation absorbed dose 
to the kidneys predicted for administration of m In- 
DTPA-H11 scFv to humans (2.2 x 10" 6 mSv'Bq -1 ) is 
higher than that for m In-pentetreotide or m In-satumo- 
mab pentetide (0.5 x 10~ 6 mSv-Bq -1 ) [23, 24]. Prelimin- 
ary results recently reported from a phase I clinical trial of 
11 In-DTPA-Hll scFv for imaging non-Hodgkin's lym- 
phoma estimated the whole-body radiation dose in 
humans as 5x KT 7 mSv*Bq~\ and the radiation ab- 
sorbed dose to the kidneys as 9 x 10" 6 mSv-Bq" 1 [25]. 

The kidneys accumulated the highest amounts of 
nl In-DTPA-Hll scFv. High renal uptake of radioactivity 
has been previously reported for scFv fragments, [26, 27] 
particularly when conjugated to radiometals [28]. 
Kidney uptake is hypothesized to be due to filtration 
of the protein, followed by non-specific charge interac- 
tions with renal tubular cells [29], Positively charged 
residues on the antibody (e.g. lysine amino acids) are 



thought to interact with the negatively charged cell 
membrane of renal tubular cells. At physiological pH, 
the e-amino group on lysine residues would be proto- 
nated, which may promote charge interactions with 
renal tubular cells. Renal uptake could potentially be 
reduced through pre-treatment with lysine solutions to 
competitively inhibit the interaction of the lysine 
residues on the scFv with renal tubular cells [26, 29]. 
Preliminary studies in animals (unpublished results) 
suggest that the renal uptake of in In-DTPA-Hll scFv 
can be reduced approximately 3- to 4-fold using this 
strategy. Another approach to reduce renal uptake may 
be to delete non-essential lysine residues by site-directed 
mutagenesis [30]. 

The liver uptake for Hll scFv was relatively low (3- 
5% i.d,/g, Fig. 1) likely due to the absence of the Fc 
domain, which is thought to mediate liver uptake of 
antibodies through binding to Fc receptors on hepato- 
cytes. The low liver uptake could be an advantage for 
the application of Hll scFv for imaging liver metastases, 
currently a difficult problem for intact radiolabeled 
anti-tumour mAbs [1]. Assuming an administered dose 
of 185 MBq (5mCi) of U1 ln-DTPA-Hll scFv and a 
tumour accumulation in humans of 0.01% i.d./g [1], 
approximately 18.5 kBq (0.5 ^tCi) of radioactivity would 
be delivered to a 1 g tumour. We previously demon- 
strated in a phantom study [31] that a minimum tumour 
uptake of 11.1 kBq (0.3 /iCi) of m In is required for 
tumour detection under ideal circumstances. Therefore, 
we anticipate that the minimum size of tumour 
detectable in humans using Ul In-DTPA-Hll scFv will 
be 0.5 g (approximately 1 cm in diameter). Our phan- 
tom study also demonstrated that a minimum T/NT 
ratio of 2:1 is required for tumour detection. Based on 
the results of this preclinical study of ni In-DIPA-Hll 
scFv, we anticipate that the minimum T/NT ratio in 
humans would be exceeded for most tissues except the 
kidneys (<<1:1) and possibly the liver and spleen 
(1.5:1). 

The clinical utility of Hll scFv for tumour imaging 
was recently demonstrated in a pilot phase I trial in five 
patients with non-Hodgkin's lymphoma in which 11 1 In- 
DTPA-H11 scFv successfully imaged known tumour sites 
in 4/5 cases [25]. Hll scFv conjugated to the fluoro- 
chrome Cy5 has also recently been successfully tested for 
immunofluoresence imaging of A-375 melanoma xeno- 
grafts hosted in athymic mice [32]. Using a 123 I-labelled 
MFE-23 anti-CEA scFv, Begent et al [33] demonstrated 
successful tumour imaging in 10 patients with CEA- 
producing tumours. The results of our preclinical testing 
and the early phase I clinical results with Hll scFv, as 
well as those reported by Begent et al [33] for 123 I-MFE-23 
scFv, suggest a promising role for anti-tumour scFvs in 
cancer imaging in the future. 
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Conclusions 

A recombinant scFv fragment of the fully human multi- 
carcinomic mAb Hll radiolabeled with ni In localized 
rapidly in subcutaneous A-375 melanoma xenografts in 
athymic mice and was eliminated quickly from the blood 
and most normal tissues (except the kidneys), allowing 
successful tumour imaging as early as 40 min after 
injection. The radiation absorbed doses predicted for 
radiolabelled Hll scFv in humans were similar to those 
for common nuclear medicine procedures. The results of 
the currently described preclinical study, and preliminary 
results from a concurrent pilot phase I trial in patients 
with non-Hodgkin's lymphoma suggest that Hll scFv is 
a promising tumour imaging agent in humans, although 
modifications to increase its avidity and affinity and 
improvements in the radiolabelling method could en- 
hance the specificity of tumour targeting. 
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Radioimmunodetection of Tumor Growth 
and Metastasis In Vivo 

Christophe M.M Lahorte, MSc 1 ; Klaus Bacher, MSc 2 ; ingrid Burvenich, MSc'; Elisabeth D. Cocnc, PhD 1 ; 
Claude Cuveher, MD, PhD 3 ; Christian Oe Potter, MD, PhD'; Hubert Thierens, PhD 2 ; 
Christophe Van de Wiele, MD, PhD 4 ; Rudi A. Dierckx, MD, PhD 4 ; and Guido Siegers, PhD" 

'Department of Radiopltarmacy, Faculty of Pharmaceutical Sciences, Cent University, Gent, Belgium; -Department of Medical 
Physics and Radiation Protection, Cent University, Gent, Belgium; - l Department of Pathology, /V. Goonnughtigh Institute, Gent 
University, Gent, Belgium; and 'Department of Nuclear Medicine, Gent University Hospital, Gent, Belgium. 



This study reports on the in vitro evaluation, biodistribution, and 
dosimetry of i: - y l-labeled monoclonal antibody (mAb) 14C5 f a 
new antibody-based agent proposed for radioimmunodetection 
of tumor growth and metastasis in vivo. Methods: ,23 l-mAb 
14C5 was prepared by direct iodination and tested for stability 
in vitro. Binding assays were performed on human SK-BR-3 and 
HeLa carcinoma ceils to investigate the antigen expression, 
antibody affinity, and kinetics of tracer binding. For the biodis- 
tribution and dosimetry study, 3- to 4-wk-old NMRI mice were 
injected intravenously with 123 l-mAb 14C5 (148.0 i 7.4 kBq per 
mouse) and killed at preset time intervals. Organs, blood, urine, 
and feces were counted for radioactivity uptake, and the data 
were expressed as the percentage injected dose per gram 
tissue (%ID/g tissue) or %ID. The MIRDOSE3.0 program was 
applied to extrapolate the estimated absorbed radiation doses 
for various organs to the human reference adult. Results: 123 l- 
mAb 14C5 was obtained in radiochemical yields of 85.0% ± 
2.5% and radiochemical purities were >97%. The iodinated 
antibody demonstrated good in vitro stability with 93.6% i 
0.1% of l2a l-mAb 14C5 remaining intact at 24 h after radiola- 
beling. 123 l-mAb 14C5 bound to SK-BR-3 cells (dissociation 
constant [K d ] - 0.85 ± 0.17 nmol/L) and HeLa cells (K d - 1 .71 ± 
0.17 nmoi/L) with nanomolar affinity and high specificity, 
whereas both cell types exhibited a high CA14C5 antigen ex- 
pression (maximum number of binding sites [B max ] = 40.6 ± 5.2 
and 57.1 ± 9.6 pmol/L, respectively). In mice, 1Z3 l-mAb 14C5 
accumulated primarily in lungs (20.4 %ID/g), liver (15.1 %ID/g), 
and kidneys (11.1 %ID/g) within 5 min after injection. A delayed 
uptake was observed in stomach (12.8 %ID/g) and urinary 
bladder (8.7 %ID/g) at 3 and 6 h, respectively, after injection. 
Radioactivity clearance was predominantly urinary, with 44.9 + 
4.5 %ID excreted during the initial 48 h after administration 
(cumulative amount). The highest absorbed radiation doses de- 
termined for the human reference adult were received by the 
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urinary bladder wall (0.1200-0.1210 rnGy/MBq), liver (0.0137- 
0.0274 rnGy/MBq), uterus (0.0196-0.0207 rnGy/MBq), and 
lower large intestine wall (0.0139-0.0258 rnGy/MBq). The aver- 
age effective dose resulting from a single '^l-mAb 14C5 injec- 
tion was estimated to be 0,017-0.022 mSv/MBq. Conclusion: 
123 l-mAb 14C5 shows good in vitro biologic activity and favor- 
able biodistribution properties for imaging carcinomas of differ- 
ent origin and provides an acceptable radiation dose to the 
patient. 

Key Words: monoclonal antibody 14C5; cell substrate adhe- 
sion; metastasis; extracellular matrix; radioimmunodetection 

J Nucl Med 2004; 45:1065-1073 



T 

A he extracellular matrix (hCM) consists of a complex 
network of macromolecules, such as collagens, glycopro- 
teins, and proteoglycans, which surrounds the connective 
tissue cells and is mainly being secreled by fibroblasts or 
other members of the fibroblast family, such as chondro- 
mas is and osteoblasts (/,2). Apart from intercellular adhe- 
sion (i.e., cell-to-cell adhesion), the organization of cells 
within connective tissue is based on adhesion of these cells 
to ECM components (i.e., cell substrate adhesion) (J). Sub- 
sequently, cell subslrale adhesion molecules are considered 
as essential regulators of cell migration, differentiation, and 
tissue integrity. They play a role in inflammation, but they 
also participate in the process of invasion and metastasis of 
malignanl cells in the host tissue (4-6). In fact, cell sub- 
strate adhesion is a prerequisite for tumor invasion in nor- 
mal mesenchymal tissue. Invasive lumor cells adhere to the 
ECM components, such as type IV collagen, laminin, and 
ehondroitin and heparan sulfate proteoglycans, and are 
guided by them during their permeation through the basal 
lamina and underlying interstitial stroma of the connective 
tissue (7,8). Several ECM adhesion molecules and their 
protein receptors have been studied extensively for their 
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' involvement in tumor invasion and metastasis, including the 
integrins, lectins, selecliiis, and eadherins (9-12). 

In search of new antibody therapeutics for inhibition of 
metastatic breast cancer, De Poller el aL (13,14) developed 
several mouse monoclonal antibodies (mAbs) against 
epitopes on the extracellular membrane of SK-BR-3 human 
breast cancer cells. One of these mAbs is the IgOl mAb 
I4C5, which recognizes an extracellular plasma membrane 
antigen expressed on SK-BR-3 and MCF-7 human breast 
cancer cells (I3J4). 1 he antibody is capable of reversibly 
inhibiting the adhesion of SK-BR-3 cells on both culture- 
treated plastic and on proneclin-, tibroncetin-, ostcopontin-, 
and vibroneclin-precoated culture plates. Furthermore, mAb 
I4C5 has been shown to prevent invasion and, subse- 
quently, metasiasis of SK-BR-3 and MCF-7 cells on host 
tissue in vitro (13). In addition, GilTels et al, (15) and 
Wagner et al. (16) demonstrated that mAb 1 4C5 and its 
Milt i idiotypic counterpart (mAb ACA 14C5) significantly 
inhibit tumor growth in a dose-dependent way in Sprague— 
Dawley rats bearing HH-I6 clone 1/2 adenocarcinomas or 
fibrosarcomas overexprcssing the CAI4C5 antigen. 

Immunohistoehemical evaluation of human benign and 
malignant neoplastic tissues demonstrated that the 90-kDa 
CAI4C5 antigen is highly expressed in most of the invasive 
ductal breast carcinomas but also on the cell membrane of 
several other epithelial malignant tumors, such as spinocel- 
lular carcinomas of the head and neck region, lung, skin, 
and oral mucosa. Adenocarcinomas of the stomach, colon, 
ovaries, and thyroid gland as well as squamous cell carci- 
nomas also stained strongly positive (I4J7). An even more 
pronounced antigen expression was found between and on 
the cell membrane of fibroblasts surrounding the tumor 
cells, especially at the invasive front of the tumor even in 
biopsy specimens in which tumor cells were negative. In 
general, the antigen was strongly expressed on the cell 
membrane of both poorly differentiated, highly invasive 
ductal carcinomas and in situ ductal carcinomas. In contrast, 
normal mulli layered epithelial, muscle, and connective tis- 
sues as well as healthy breast tissue stained completely 
negative (14). High antigen expression has also been re- 
ported for granulation tissue, suggesting the involvement of 
CAI4C5 in tissue repair and wound healing. 

All of these findings suggest that the cancer-associated 
antigen CAI4C5 plays a role in both the construction and 
the destruction of the connective tissue architecture and 
FCM and may, in fact, represent a cell substrate adhesion 
molecule, possibly related to the integrin family (13). How- 
ever, the exact nature of the antigen has not yet been 
deli ned. This antigen may serve as a new effective target not 
only tor passive and active cytotoxic immunotherapy but 
also for radioimnumodeleclion (RID) and radio immuno- 
therapy (R1T) [if some carcinomas. 

This study is focused on the '--M-Iabeled mAb 14C5 
('--*[ -mAb 14C5) that was recently developed by our group 
and on the evaluation ol its in vitro binding properties to 
SK-BR-3 and HeLa tumor cells, expressing the CAI4C5 



antigen (/#). Since mAb I4C5 is able to prevent cell sub- 
strate adhesion and tumor invasion by binding to its antigen, 
m LmAb I4C5 holds promise as a new marker for RID of 
tumor growth and metasiasis by means of SPFCT. Because 
information on the biologic behavior and radiation burden is 
mandatory for any new radiopharmaceutical before human 
application, the aim of this feasibility study was to investi- 
gate the biodistribution and dosimetry of ,2: *l-mAb I4C5 in 
mice to establish absorbed radiation dose estimates for the 
human reference adult by means of the MIRDOSE3.0 pro- 
gram. 

MATERIALS AND METHODS 

Radiolabeling of 123 l-mAb 14C5 

The generation and purification of the mouse mAb I4C5 were 
described previously by De Potter et al. (/.'?). Bovine scrum albu- 
min (DSA) and other reagents were purchased from Sigma-Aklrich 
unless staled otherwise. Radiolabeling of the mAb was performed 
using to the IODO-BHADS method {Fierce Biochemical Co.), as 
described earlier with minor modifications (19). Briefly, before 
use, IODO-BHADS were washed in 1 mL of 0.0 1 mol/L potassium 
phosphate buffer (pH 7.4) and allowed to dry on absorbent paper. 
Ten micrograms mAb 14C5 in phosphate-buffered saline (PBS) 
(43.2 mmol/L KTIPO,,, 9.5 mmol/L Nat LLC, TbO, and 123.2 
mmof/L NaCl, pH 7.4) were added to the reaction vial, buffered 
with 100 jxL 0.1 mol/L potassium phosphate (pll 6.5) and placed 
in a lead-shielded container. I2i l (5.55-222 MBcj) in 0.05 mol/L 
NaOll (Tyco Healthcare) was transferred to the reaction vial and 
2 IODO-BHADS were added to the reaction mixture. Radiolabel- 
ing was then allowed to proceed for 30 min at room temperature. 
The iodination ol* the antibody was terminated by removing the 
reaction mixture from the vial. IODO-BLADS were washed twice 
with 500 uX 0.1 mol/L potassium phosphate (pH 6.5) and the wash 
solutions were added to the reaction mixture. Afterward, l23 I-inAb 
14C5 was purified by size -exclusion chromatography on a PD10 
f(i25) Nephndex column (Amersham Pharmacia Biotech) using 
PBS (pH 7.4), supplemented with 0.25% BSA as cluenl. Finally, 
the chemical and radiochemical purity of (he elutcd radioligand 
was determined by high-performance liquid chromatography 
(HPLC) on a Bto-Sileel SLC 250-5 (7.8 x 300 mm) column 
(Bio-Rnd Laboratories) using 0.01 mol/L potassium phosphate (pll 
7.4) as Ihe eluent al a How rate of 0.8 mL/min. 

In Vitro Stability of 123 l-mAb 14C5 

'-■M-mAb 14C5 was prepared and purified as described, starting 
witli 200 MBq l vl l. The radiolabeled antibody was stored at room 
temperature and aliquots were reinjected on the HPLC column al 
preset time points (0.5, I, 3 T 6, 21, and 32 h) up to 4S h after 
radiolabeiing. The chemical and radiochemical purity of the in- 
jected samples was obtained under HPLC conditions identical to 
those described for the quality control of the radioligand immedi- 
ately afier purification. All lesled time points were investigated in 
triplicate. 

In Vitro Binding of 123 l-mAb 14C5 to Carcinoma Cells 

Cell Culm res. The following ATCC cell lines were used: SK- 
BR-3 (breast adenocarcinoma), T47D (breast carcinoma), 19 IT 
(skeletal osteosarcoma), HeLa (cervix spinocellular carcinoma), 
and CoLo-16 (skin spinocellular carcinoma) cells. T47D, 79 IT, 
and CuLo-16 cells were cultured in RPMI 1640 medium contain- 
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ing A^-(2-hytlix)xyelhyl)pipcrazine-yV'-(2-cihancsul funic acid) (HEPES) 
and i. -glut n mine supplemented with 10% fetal calf serum (FCS). 
SK-BR-3 celts were grown in Eagle's minimal essential medium 
(EMEM) supplemented with 10% FCS, 60 ILJ/mE penicillin, 60 
JU/mL streptomycin, and 2 mmol/L r-glutamine. Similarly, the 
culture medium for maintaining HeLa cells consisted of Dulbec- 
co's minimal essential medium (DMEM) supplemented with 10% 
PCS, 65 lU/mE penicillin, 65 UJ/mL streptomycin, and 2 mmol/L 
i,-glutaminc. The cell culture media RPMI 1640, EMEM, and 
DMEM were purchased from Bio-Whittaker, whereas all other cell 
culture reagents were obtained from Invitrogen. 

l2r l-mAb I4C5 Immunol ('activity to Carcinoma Ceils. ' -M-mAb 
I4C5 was initially screened for its binding capacity to SK-BR-3, 
T47D, 79 IT, and HeLa carcinoma cells (CA I4C5 positive) as well 
as CoLo-16 cells (CAI4C5 negative). Confluent SK-BR-3, T47D, 
79 IT, I lei a. and Col o - 10 cells were washed twice with freshly 
prepared culture medium and mechanically detached from their 
culture plates (Nunc). After restispending and homogenizing in 
cell culture medium, all cell suspensions were examined micro- 
scopically for ceil viability, using 20% trypan blue dye (Invitro- 
gen), and for morphology to confirm (lie absence of multicellular 
aggregates. Aliquols containing 1.4 X 10° cells in culture medium 
were then incubated in quadruplicate with 0.45 ± 0.03 nmol/L 
m I-mAb 14C5 (150.0 ± 9,0 kBq) for 2 h at 37 T in an atmosphere 
of 5% CO? in air with gentle shaking of the incubation tubes. 
Afterward, all samples were centrifuged lor 8 min at 400& at room 
temperature. The supernatant (SN|) was withdrawn and the cell 
pellets washed with PBS (pH 7.4) and centrifuged again at 400 ( e' 
for 8 min. The supernatant (ShL) was again removed and the cell 
pellet was resuspended with BBS (pH 7.4). Both supei natants and 
the pellet originating from each sample were counted for radioac- 
tivity on a Nal 'y-eounter (Canberra Packard) to determine the 
percentage of cell-bound i23 l-niAb I4C5. Control samples without 
carcinoma cells were used to assess nonspecific radioligand bind- 
ing to the incubation tubes. Specific J2 -brnAh I4C5 binding to 
cells was calculated using Equation I to calculate the percentage of 
specilic ,B l-mAb I4C5 binding: 

% specific bound ~- 

/cpm (Pellet), imktl „ wn) cpm (Pellet) u . t>nlllll A 
\cpm ( I oial) lh0knm , nl cpm ( I oial),,, imrtl(J / 

willi cpm (Total) = cpm (Pellet + SN, + SNL). 

Analysis of Salutation lli I-mAb 14C5 Binding. Immediately 
after harvesting, aliquots — each containing either 1.4 X 10 f ' SK- 
BR-3, HeLa, or CoLo-16 cells (as negative control) — were incu- 
bated for I h with increasing concentrations of -'--M-mAb 14C5, 
ranging from 4.5 ± 0.4 pmol/L to 4.5 ± 0.3 nmol/L linal concen- 
tration (49.0 ± 4.0 kBq to 49.4 ± 3.9 MBq). Incubation of the 
samples was performed under conditions identical to those de- 
scribed earlier. Each 123 bmAb 14C5 concentration was investi- 
gated in quadruplicate. Analysis of saturation binding was per- 
formed according to the method of Bylund and Yamamura et af 
(20). 123 I-mAb I4C5 binding to each cell line was expressed as 
specific binding versus radioligand concentration. The correspond- 
ing values of the dissociation constant (K t( ) and the maximum 
number of binding sites (B imx ) were generated by curve fitting of 
the saturation plots applying the Graph Pad Prism 3.0 program and 
were expressed in nmol/L and pmol/L, respectively. The lilted 
curves, obtained by nonlinear regression analysis, were assumed to 
follow a I -site fit unless the statistical analyses within the program 



indicated that the data gave a signilicanlly belter fit using a 2-site 
model. Additionally, the radioligand binding data (i.e., expressed 
as bound/free vs. free radioligand concentration) were also ex- 
pressed as typical Sealchard plots. 

Kinetics of {2J I-m/\b I4C5 In Vitro Hindi n^. To determine the 
kinetics of radioligand binding to SK-BR-3. HeLa. and CoLo-16 
carcinoma cells, binding of ' "4-mAb I4C5 over time was studied 
using a constant radioligand concentration derived from the linear 
range of the Scatchard plots, SK-BR-3, HeLa, and CoLo-16 cells 
were harvested from confluent cultures and prepared as described. 
Samples containing 1.4 X 10 6 cells in cell culture medium were 
incubated with 0.45 ± 0.06 nmol/L of L,1 l-mAb I4C5 (4.8 ± 0.6 
MBq) from 5 min to 3 h, at 37°C in an atmosphere of 5% CO* in 
air. Supematanls and cell pellets were processed as described and 
counted for activity on a Nal 7-counier. Each incubation time 
interval was investigated in quadruplicate, in addition, the binding 
experiment was repeated in a simitar way for control samples 
containing no cells to determine nonspecilic radioligand binding lo 
the incubation lubes. The results were expressed as the percentage 
of cell-bound radioligand versus incubation time according to 
Equation L 

Biodistribution Studies in Mice 

All animal experiments were approved by the local ethics 
committee of the Gent University, Facility of Medicine (ethics 
protocol: Project ECP 00/17) in compliance with the principles of 
laboratory animal care. For the biodistribution study, 3- to 4-wk- 
old female NMR1 mice (// - 3 per time point) (Iffa-Credo) were 
injected in the lateral tail vein with 148.0 ± 7.4 kBq of research- 
grade '--M-mAb I4C5 (0.10 ± 0.005 K u mAb I4C5) and killed at 
preset lime points up to 4S h after tracer injection. Selected organs 
and tissues, blood, as well as urine and feces were collected and 
tissues were washed with saline. All samples were then counted lor 
radioactivity on a Nal 7-coimter (Canberra Packard). The uptake 
was expressed as the percentage of the injected dose per gram 
tissue (%4D/g tissue) or as %\D (in particular, for blood and 
urinary excretion). 

Dosimetric Calculations 

Mean time-activity curves were generated for the organs of 
interest. Source organ residence limes were determined from in- 
tegration of the biexponential lit to (he experimental biodistribu- 
tion data. Extrapolation of the animal biodistribution to the human 
reference adult was performed by assuming that either the %ID/g 
tissue or the %\D in mice and humans was equal. Absorbed 
radiation dose estimates were then calculated for the target organs 
applying the M1RD methodology (2!) for healthy adults using the 
M1RDOSE3.0 software package (22.2.?). 

RESULTS 

Radiolabeling and In Vitro Stability of 123 l-mAb 14C5 

Applying the IODO-BEADS method. l2t I-mAb I4C5 
could be obtained in radiochemical yields of 85.0% ± 2.5% 
when using starting activities up lo 200-222 MBq/lO jxg 
mAb I4C5. Purification of the radioligand tin a PDIO (G25) 
Scphadex column, resulted in a chemical and radiochemical 
purity of >97% as shown by HPLC analysis. On average, 
specific activity was in the range of 1 7.0 ± E5 MBq/ixg 
protein. HPLC radiochromatography of the radiolabeled 
antibody over time demonstrated that 93.6% ± 0. l% of 
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1 I M [-mAb I4C5 was (omul intact al 24 h after ratliolabeling 
and slowly decreased to 80.7% 0.7% al 48 h. 

123 l-mAb 14C5 I mmu no reactivity to Carcinoma Cells 

As shown in Table I, '■■■M-mAb I4C5 exhibited the high- 
est immimorenctivily toward vSK-BK-3 cells and HeLa cells 
with 3.91% ± ().()K% and 2.26% ± 0.24% of l2; 'I-mAb 
\4C5 bound to ihe cells (i.e., total bound minus nonspecifi- 
cally bound). In contrast, the T47D breast cancer cells 
{0.100% 0.023%) and 79 IT osteosarcoma ceils 

(0.150% ± 0.009%) showed a significantly lower cell 
associated radioactivity. These data were only slightly 
'higher than those observed for the negative control CoLo-16 
cells (0.070% ± 0.02 1 %). Nevertheless, cell binding to both 
T47D and 79 IT cells was statistically different from that of 
CoLo-16 cells using a Student / lest with P = 0.01 (/? - 6). 
Binding data are presented as a traction of the specifically 
bound ' -l-mAb 14C5. The CAI4C5 expression of all in- 
vestigated cells and the biologic effect of mAb I4C5 bind- 
ing on these cells (i.e., cell substrate adhesion inhibition) are 
given in Table 1 . 

Analysis of Saturation 123 l-mAb 14C5 Binding 

Since i: M-mAb 14C5 displayed strongest immunoreac- 
livity to SK-BR-3 and HeLa carcinoma cells, a second set of 
binding assays was performed, using increasing tracer con- 
centrations, to study the affinity of i:M l-mAb 14C5 binding 
as well as the degree of CAI4C5 antigen expression on 
SK-BR-3 and Hel .a cells in detail. CoLo-16 cells were used 
as negative controls to assess nonspecific cell binding. Anal- 
ysis of the tracer binding data was based on the method of 
By hind and Yamamura el al. (20). Saturation of l2, l-mAh 
14C5 binding to SK-BR-3 and HeLa cells is plotted as 
specific tracer binding versus tracer concentration in typical 
saturation plots (Tigs. I A and IB). Curve lilting of the 
binding data was performed using nonlinear regression 
analysis to generate K d and B m;ix values for each cell type 
(/*-- > 0.95). The corresponding Scatchard plots, shown as 



insets in Figures 1A and IB, were derived from the binding 
data by applying linear regression analysis according to the 
method of least squares. l2 - l l-inAb I4C5 specifically binds 
with nanomolar affinity to SK-BR-3 cells (K,, — 0.85 ± 
0.17 nmol/L) and HeLa cells (K d ^ 1.71 >- 0.17 nmol/L) 
and appears to recognize a single binding site. Both carci- 
noma cell types also exhibited a high CAI4C5 antigen 
expression as reflected by the corresponding B 111;|X values 
derived from the Scatchard plots: B 1II:|S - 40.61 ± 5.19 
pmol/L lor SK-BR-3 cells and B in:is = 57.08 ± 9.57 pmol/L 
for HeLa cells. Nonspecific binding, as determined by l2l I- 
mAb 14C5 binding, it) CoLo-16 cells, was low and was 
comparable to nonpeciuc radioligand binding to the incu- 
hation tubes that did not contain any cells. 

Kinetics of 123 l-mAb 14C5 In Vitro Binding 

The kinetics of lM I-mAb I4C5 binding to SK-BR-3 and 
HeLa cells was evaluated using a time-dependent binding 
assay. As shown in the saturation curves (Figs. 2A and 2B), 
tracer binding to the cells lines proceeds rapidly. The incu- 
bation lime needed to reach full saturation of the available 
CAI4C5 antigen sites at 37°C was about 2-2.5 h for SK- 
BR-3 cells and 3 h for HeLa cells, resulting in 3.95% ± 
0.23% ami 2.36% ± 0.1 6% specilic binding (total bound 
minus nonspecific-ally bound), respectively. On the con- 
trary, a very low binding to CA l4C5-negativc CoLo-16 
cells over lime was observed. 

Biodistribution and Dosimetry in Mice 

As shown in Figure 3, 123 1-mAb I4C5 was slowly cleared 
from the blood (9.7 ± 1.4 %>ID remaining at 48 h after 
injection) following a biexponential pharmaeokinelie be- 
havior. Fitting of the blood clearance curve was performed 
with the SPSS 10.0 software package, using the method of 
least squares, to calculate the biologic half-life (t, /2 ) of the 
tracer (/■- > 0.95). The biexponential blood clearance of 
m bmAb 14C5 was characterized by a fast phase (i\ /? __ ti = 
1.43 ± 0.42 h, 62.8%> of total circulating radioactivity in the 



TABLE 1 

In Vitro Binding of ,y:J l-mAb 14C5 to Carcinoma Cells Compared with CA14C5 Expression and Biologic Activity 
(Cell Substrate Adhesion Inhibition) of Nonradiolabeled mAb 14C5 



Cell line 



Origin 



CA14C5 

expression 1 ' 



Cell substrate 
adhesion inhibition 1 



!:::i l-mAt) 14C5 
binding* (%) 

Average SD 



SK-BR-3 Breast adenocarcinoma 

T47D Breast carcinoma 

79 IT Skeletal osteosarcoma 

HeLa Cervical spinocellular carcinoma 

C o Lo -16 S kt n s p i n o cellul a r carcinoma 



3.91 
0.10 
0.15 

2,26 
0.07 



0.08 
0.02 
0.01 
0.24 
0.02 



*CAf4Co expression based on previously performed immunohistochemical and fluorescent staining experiments (25,26), 

■Inhibitory effect of nonradiolabeled mAb 14C5 on eel! substrate adhesion as demonstrated by earlier reported adhesion inhibition 

experiments on artificial substrates in vitro (13,14,25). 

'■Values represent percentage of specific m l-mAb 14C5 binding to each carcinoma cell type (total bound minus nonspecifically bound) 

as determined by Equation 1 {n • 6). 
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FIGURE 1. Saturation plots for 123 l-mAb 14C5 binding to SK- 
BR-3 cells (A) and HeLa cells (B), Each point represents mean ± 
SD of 4 measurements. Corresponding curve fittings, as deter- 
mined by GraphPad Prism 3.0 program, are indicated by solid 
lines. Insets show respective Scatchard plots derived from lin- 
ear regression analysis of binding data. 



blood) and a slow phase (i,^ - 1 30.4 ± 1 00.0 h, 37.2%). 
The remaining radioactivity (68 %ID) was rapidly distrib- 
uted into the extravascular compartments in the initial phase 
of the tracer biociistribution. Kinetic parameters for blood 
clearance, arc presented in Table 2. Blood-pool activity was 
at any time substantially higher than tracer uptake in any of 
lite other investigated organs. '--M-mAb I4C5 did not cross 
the blood brain barrier as indicated by the low brain uptake 
(<1.0 %lD/g on average). The biodistribution data are 
presented in Table 3. The highest accumulation- of radioac- 
tivity occurred in lungs (20.4 ± 3.7 %lD/g). liver (15. 1 ± 
1.4 %1D/g), and kidneys ( I 1.1 1 LI %lD/g) within 5 min 
after injection and to a lesser extent in the spleen (9.2 2.4 
%lD/g) at 20 min alter injection. A delayed uptake was 
observed in stomach (12.8% ± 2.4 %1'D/g) and urinary 
bladder (8.7 ± 5.2 %lf_)/g) at 3 and 6 h after' injection, 
respectively (Table 3). m l--mAb 14C5 was mainly cleared 
by kidneys, with 40.7 ± 2.9 %I.D being excreted in urine at 
48 h after injection, representing 90.8% of the total excreted 
radioactivity. Pec a I excretion 48 li after tracer injection 



(4.1 ± 1 .0 %1D) contributed only 9.2% to the total excreted 
activity as depicted in Figure 3. 

Based on the biodistribution data given earlier, time- 
activity curves were generated Tor the whole body and 
several organs of interest- ami data were expressed as % ID/g 
tissue and as %\D. Both types of time activity curves were 
fitted using the SPSS 10.0 program to determine mean 
residence times. The residence times calculated from the 
bicxponential fits for the source organs was highest for the 
remainder of the body in both dosimetric approaches, fol- 
lowed by the urinary bladder content, liver, and lungs (data 
not shown). 

Mean radiation dose estimates were calculated for ihe 
human reference adult using time-activity curves and ornan 
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FIGURE 2. In vitro binding of iy3 l-mAb 14C5 over time to 
SK-BR-3 cells (A) and HeLa cells (B). Each time point represents 
mean ± SD of 4 measurements. 
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BioUislilbutioii time (li) 

FIGURE 3. Blood clearance (♦) and urinary (A) anci fecal (•)' 
excretion of 123 l-mAb 14C5 (%1D) in mice after intravenous 
injection. Each time point represents mean 1; SD of 3 animals. 
Corresponding curve fittings, as determined by SPSS 10.0 pro- 
gram, are indicated by solid lines. 



residence limes derived from mice biodistribution data. The 
MIRDOSL'3.0 program was applied assuming that either the 
%ID/g tissue values or the %\D values Tor ,2 -M-mAb I4C5 in 
mice are equal to those in humans. Dosimetry results ac- 
cording to both estimates arc given in Table 4. In addition, 
the absorbed-dose est i male for the mine bladder wall was 
determined according to die dynamic bladder model as 
described by Clout ier et al. (24). In the applied bladder 
model, a biologic \ w? of 7.92 h was used with a bladder 
voiding interval of 4.8 h. The highest absorbed radiation 
dose was received by the urine bladder wall (0. 1200- 
0.I2I0 mGy/MBq), liver (0.0 1 37-0.0274 mGy/MBq), and 
uterus (0.0 1 96-0.0207 mGy/MBq), followed by the lower 
large intestine wall (0.0139-0.02^8 mGy/MBq) and stom- 
ach (0.0090-0.0292 mGy/MBq), as determined by the do- 
simetry estimations used. The predicted radiation dose for 
the thyroid was in the range of 0.0070-0.0084 mGy/MBq. 
The effective dose for the human reference adult was esti- 
mated to be approximately 0.0172-0.0223 mSv/MBq. 
When selecting the highest absorbed radiation dose for each 
organ out of both dosimetry estimations, this worst-case 
scenario would result in an effective dose of 0.023 I mSv/ 
MBq, which is slightly higher compared with the upper 
limit value of the estimated effective dose for humans. 

DISCUSSION 

The immunoreacti vity of '^bmAb I4C5 correlates well 
with the CA I4C5 expression status of the investigated cells. 
This is in agreement with the previously reported ininumo- 
histochemislry data (Table 1) (25,26). SK-BR-3 and HeLa 



cells, strongly positive for the CA14C5 antigen, exhibited 
the highest tracer binding. T47D and 79 IT cells, character- 
ized by a moderale-to-weak CAI4C5 staining, showed low 
IB 1 ruAb I4C5 binding, almost at the same level of tracer 
binding to CA MC.Vnegalive CoLo 16 cells. Visual assess- 
ment of the antigen expression by means of mununohisro- 
chemical staining is difficult to correlate accurately with 
quantitative methods, such as tracer bindiim assays. No true 
correlation was found between l2A I-mAb I4C5 binding to 
T47D, 79 IT, and I teLa cells and the known biologic effect 
(cell substrate adhesion inhibition) that nonradiolabeled 
mAb I4C5 exerts on these cell lines (Table 1). Only for 
SK-BR-3 cells was a positive correlation found between 
both parameters. 

The in vitro affinities of '- 3 l-mAb I4C5 are in the range 
of affinities observed for radiolabeled antibodies or some- 
what better by a factor of 2.9-5,9 than the nanomolar 
affinity, K ( , -■ 5 nmol/L, of traslu/umab (Herceplin; Gencn- 
lech. Inc.) for breast cancer cells expressing the HER-2/neu 
receptor as reported by Conssens et al. (27) and Press el al. 
(2$). Since binding affinities of better than 10 * mol/L and 
receptor densities of 50,000 1 00,000 binding sites per tu- 
mor cell arc considered as one of the requirements for 
efficient in vivo detection of solid tumors, RID of CA I4C5- 
posilive human carcinomas with l2 M-mAb 14C5 seems 
achievable (29). However, it should be noted thai the stroma 
surrounding the tumor cells often expresses higher levels of 
the CA14C5 antigen than that of the tumor cells. Previous 
inmuinohisiochcmical evaluation of tumor biopsy speci- 
mens clearly demonstrated that the strong signal of the 
connective tissue can be attributed to pronounced antigen 
expression in extracellular spaces and on the cell membrane 
of fibroblasts surrounding tumor cells, especially at the 
invasive front of the tumor {1X14). In some biopsy speci- 
mens, strong positive staining of the stroma was not accom- 
panied by any staining of the tumor cells. In general, poorly 
differentiated, highly invasive ductal carcinomas showed 
the strongest staining (the stroma and both the tumor cell 
membranes and their cytoplasmic membrane extensions) 



TABLE 2 

Kinetic Parameters for Blood Clearance of 1 
in Mice 


23 l-mAb 14C5 


Parameter 


Average 


SD 


A, 


20.29 


2.45 


1 1/.,. (h) 


1 .43 


0.42 




12.03 


2.41 


b/2.n (h) 


130.42 


100.00 


r' 


0.95 





A„ and A [t represent activity fractions (%ID) in blood at any time 
(T) after tracer injection, corresponding to biologic half-lives t t/?t „ 
and t^rj, respectively. 

Clearance data were fit to the following equation using method of 
least squares: Activity - A„ • e A| . e i<>u-mn,,.,> 
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compared with in situ ductal carcinomas, in which the 
antigen was only expressed on the cell membrane of the 
tumor cells (/J, 14). These histologic findings imply that the 
m I-mAb 14C5 uptake in tumors could be considerably 
higher than that predicted from the B max values. Further- 
more, it can expected that the extent of tracer uptake by 
tumors in vivo might correlate with the degree of differen- 
tiation and the invasive character of the investigated tumor. 

Immunohistochemical evaluation of human benign and 
malignant neoplastic tissues has previously shown that the 
CAI4C5 antigen is highly expressed in most of the invasive 
ductal breast carcinomas but also on the cell membrane of 
several other epithelial malignant tumors, such as spinocel- 
lular carcinomas of the head and neck region, lung, skin, 
and oral mucosa. Adenocarcinomas of the stomach, colon, 
ovaries, and thyroid gland as well as squamous cell carci- 
nomas also stained strongly positive (14,17). Therefore, 
mAb 14C5 and radioinimunoconjugates thereof could offer 
much broader perspectives in (radio)immunotherapy and in 
vivo detection of cancer in addition to metastatic breast 
cancer therapy. CA l4C5-negative tumors also might benefit 
from the treatment with unlabeled or radiolabeled mAb. 
I4C5, since the connective (issue surrounding the tumor 
cells has also been shown to express the CA14C5 antigen. 

When compared with ,S F-FDG PHT, in vivo imaging of 
CA14C5 tumor antigen expression could provide in vivo 
histopathologic information for diagnostic purposes, for tar- 
geted radionuclide therapy, and for therapy follow-up. With 
regard to therapy follow-up, in vivo imaging of changes 
over time in CAI4C5 tumor expression, after instigation of 
specific "cytostatic 1 ' treatments targeting the underlying mo- 
lecular abnormalities responsible for invasion and metasta- 
sis of human malignancies, might prove a more appropriate 
end point for treatment monitoring compared with volumet- 
ric changes as visualized by CT and MRI. 

The biodistribution study in NMRI mice demonstrates 
that 123 1 -mAb I4C5 is cleared from the blood compartment 
in t , /2ti = 130.42 ± 100.00 h). This slow blood clearance 
can be attributed to the fairly high molecular weight of the 
protein (150 kDa) and is comparable with existing radiola- 
beled antibodies that are generally known to exhibit a slow 
clearance from the blood compartment. As a result, blood- 
pool activity was at any time higher than tracer uptake in 
any of the other investigated organs (Table 3). In fact, an 
overall low tracer uptake was observed in most organs that, 
combined with a sufficient tumor uptake, should provide 
good imaging conditions for in vivo detection of CA14C5- 
expressing tumors and their subsequent metastases, not only 
in the thoracic or abdominal region but also in other regions, 
such as the head and neck region, skin, and oral mucosa. 
From the dosimetric point of view, the fairly high retention 
of activity in the blood compartment can also be considered 
as a benefit since the tracer distribution in the whole body — 
and, subsequently, the radiation burden to various or- 
gans — is thereby being decreased substantially. 
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TABLE 4 

Radiation Absorbed-Dose Estimates (mGy/MBq) for 
123 l--mAb 14C5 for Target Organs 



%tO/g mjr:e - %jDn . ( 





%lD/g hlimaRa 


%ID 


Hirnans 


Target organ 


Average 


3D 


Average 


SD 


Adrenals 


0.01 020 


0.00152 


0.01140 


0.00305 


Brain 


0.00299 


0.00032 


0.00275 


0.00033 


Breasts 


0.00641 


0.00058 


0.00570 


0.00071 


octituiciuaer wall 


0.01 120 


0.00226 


0.0151 0 


0.00565 


LLf wall 


0.01390 


0.00079 


0.02580 


0.00364 


Small intestine 


0.01150 


0.00208 


0.02490 


0.01270 


Stomach 


0,00899 


0.00164 


0.02920 


0.01380 


1 II i , . .,-.11 

ULI wall 


0.01050 


0.00130 


0.02440 


0.00625 


Heart wall 


0.00903 


0.0021 1 


0.01340 


0.00437 


Kidneys 


0.01210 


0.00370 


0.02400 


0.00958 


Liver 


0.01370 


0.00774 


0.02740 


0.01820 


Lungs 


0.01 320 


0.00489 


0.01020 


0.00379 


Muscle 


0.00878 


0.00061 


0.00846. 


0.00107 


Ovaries 


0.01370 


0.00079 


0.01630 


0.00288 


Pancreas 


0.01060 


0.00142 


0.01360 


0.00394 


Red marrow 


0.0081 6 


0.00063 


0.00804 


0.00118 


Bone surfaces 


0.01400 


0.00102 


0.01370 


0.00155 


oKin 


0.00583 


0.00035 


0.00525 


0.00049 


Spleen 


0.01000 


0.00124 


0.01730 


0.00317 


Testes 


0.01000 


0.00034 


0.00897 


0.00036 


Thymus 


0.00851 


0.00071 


0.00751 


0.00082 


Thyroid 


0.00839 


0.00045 


0.00704 


0.00039 


Urine bladder wall 


0.12100 


0.00084 


0.12000 


0.00147 


Uterus 


0.01960 


0.00075 


0.02070 


0.00241 


Total body dose 


0.00926 


0.00090 


0.00955 


0.00177 


Effective dose 










(mSv/MBq) 


0.01720 


0.00178 


0.02230 


0.00483 



LLI • lower large intestine; ULI upper large intestine. 



All of these findings seem to reflect the generally ob- 
served hepatic uptake and urinary excretion of radiolabeled 
proteins, their related metabolites, and trapping of some free 
iodine by the stomach. In spile of the predominant urinary 
excreted radioactivity, the cumulative excreted activity over 
time remains relatively low and can be attributed to (he high 
molecular weight of the radioligand. Subsequently, the 
rather slow urinary excretion results in a radial ion dose 
estimate for kidneys and urine bladder wall in humans of 
0.0121-0.0240 and 0.1200-0.1210 mGy/MBq adminis- 
tered, respectively. In contrast, low-molecular- weight anti- 
body fragments or peptides are generally being excreted 
through kidneys and urine much faster and to a substantially 
higher exlenl. 

Initially, (he predominant lung uptake very early after 
'-■M-mAb I4C5 administration might seem to limit the use- 
fulness of the molecule for imaging tumor invasion in the 
thoracic region— for example, invasive ductal breast carci- 
nomas, lung spinocelhilar carcinomas, or adenocarcinomas 
of the thyroid gland. However, the favorable kinetics of 
tracer clearance from the lungs should result in good imag- 
ing conditions for this region at later time points (>2 h) 



after injection. If the fairly high retention of activity in the 
blood is taken into account, delayed imaging of tumor 
uptake in this region may be required anyway, lo increase 
targel-lo-background ratios. On the other hand, imaging of 
tumors in the abdominal region — for example, adenocarci- 
nomas of the colon, stomach, and ovaries— around 3-6 h 
after injection might be impeded somehow due to interfer- 
ing bowel activity originating in the stomach and liver. In 
this regard, the presence of a strong tracer uptake in abdom- 
inal tumors might be a prerequisite for in vivo imaging of 
tumor invasion and metastasis during that time frame in this 
particular region. Alternatively, tumor uptake of the radio- 
ligand in the abdomen could easily be assessed at earlier or 
later time points considering the physical t,^ of ir T (13.2 h). 
The moderate accumulation of radioactivity in the abdom- 
inal region might be explained by the occurrence of some 
enterohepatic clearance. Alternatively, this activity uptake 
could indicate slowly ongoing deiodinaiion of l2 -"H-mAb 
\4C5 in vivo, with the production of some free iodine and 
its subsequent trapping in the stomach. However, the low 
absorbed radial ion dose estimate for the thyroid, as deter- 
mined by the dosimetry study, does not seem to relied any 
significant formation of free iodine due lo deiodinaiion of 
the m I-mAb 14C5 so far. In any case, these assumptions 
remain to be verified by human biodish ibulion studies with 
the tracer since species differences m ihe metabolism of 
radiolabeled proteins between laboratory animals and hu- 
mans have been reported previously. 

The MIR DOSE software provides a calculation of the 
effective dose for human adults as defined in the ICRP 
Publication 60 (30). Based on the estimated effective dose 
of 0.017-0.022 mSv/MBq obtained in our dosimetry study, 
both patients and volunteers could easily be investigated 
with 222 MBq '-I-mAb 14C5, allowing planar and SPECT 
imaging. Subsequently, the corresponding effective dose of 
3.8-4.9 mSv is still !2%-32% lower compared with the 
reported average effective dose per patient from nuclear 
medicine procedures in Europe (31). As a result of the 
moderately low effective dose, ,2 M-inAb I4C5 could be 
administered in doses up lo 230-295 MBq before reaching 
the 5-rnSv upper-limit average effective dose of Category 
lib of ICRP Publication 62 (32). To our knowledge, these 
dosimetry data provide the first evidence that l23 I-mAb 
I4C5 could be applied safely in humans near the 300- MBq 
level and, therefore, should allow further evaluation of the 
radiolabeled antibody in future clinical trials without caus- 
ing substantial radiotoxicify to the vital organs. 

CONCLUSION 

In summary. m l -mAb I4C5 can be produced in high 
radiochemical yields and purities while maintaining good in 
vitro stability over time. The tracer was shown lo bind with 
high specificity and nanomolar affinity to SK-BR-3 and 
HcLa carcinoma cells, which were both characterized by a 
high CAI4C5 receptor density. Therefore, efficient RID of 
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such tumor types in vivo by means of l23 I-mAb 14C5 seems 
feasible. The favorable biodistribution characteristics of the 
tracer, in combination with a sufficient tumor uptake, should 
provide good imaging conditions in the thoracic or abdom- 
inal region when studying carcinomas of different origin. 
Furthermore, the estimated effective dose for human adults 
should easily allow safe administration of megabecquerel 
(millicuhe) amounts of m I-mAb I4C5 for the performance 
of human clinical trials. ,23 I.-mAb I4C5 could offer new 
perspectives for RID of primary and metastatic breast can- 
cer, but also spinocellular carcinomas of the head and neck 
region, of the lungs, skin, and stomach, and colon and 
ovarian carcinomas. Additionally, radioimmunoconjugates 
of mAb I4C5 or smaller fragments thereof with p-emitting 
radionuclides, such as m 1, yo Y, or 188 Re, could provide new 
approaches in RIT of breast cancer metastasis and other 
types of carcinomas by specific targeting of cell substrate 
adhesion molecules involved in tumor growth and invasion. 
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Abstract 

Tn vivo panning of peptide libraries in mice has allowed the isolation of peptides which target the vasculature of specific 
organs. The application of this approach to phage displaying Fab fragments (phage-Fab) could lead to the isolation of 
antibodies which recognize novel tumor antigens. In this study, we have evaluated the biodistribution of phage-Fab in nude 
mice. Balb/c nude mice were injected intravenously with 10 9 TU of phage displaying the anti-colon cancer Fab c30.6. 
Blood samples were collected at nine time points over a period of 72 h and three groups of four mice were sacrificed at 4 
min, 24 h and 72 h. Normal tissues (liver, colon, spleen, kidneys, lungs, skeletal muscle) and faeces were collected at these 
time points and the number of viable phage in each sample was determined. The distribution of phage in tissues was also 
examined by immunohistochemical analysis of paraffin^embedded tissues. Regression analysis of plasma kinetic data 
showed that the half-life and the volume of distribution of phage was 3.6 h and 1 ml, respectively. Phage uptake occurred 
predominantly in lungs, kidneys, spleen and liver. Relatively few phage were distributed to colon and muscle, and phage 
were eliminated from the circulation by 72 h, Immunohistochemical analysis showed phage to be mainly within the 
vasculature at 4 min, whereas notable phage extravasation was observed at 24 h and 72 h. In conclusion, this study provides 
information on the in vivo behavior of phage-Fab which will be useful in the design of in vivo panning strategies. By 
choosing appropriate time points for tissue collection, it may be possible to isolate novel Fabs against both intra- and 
extravascular targets. © 1999 Elsevier Science B.V. All rights reserved. 

Keywords: Biodistribution; Phage-Fab; Nude mice 
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HRP, horseradish peroxidase; i.v., intravenous; PEG, polyethylene 
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1. Introduction 

Antibody phage display has allowed the isolation 
of human antibodies recognizing a range of different 
antigens, including cell surface-expressed tumor anti- 
gens. Antibodies have been selected by panning 
phage libraries against purified antigens (Clark et ah, 
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1997; Desai et al, 1998) or against whole tumor 
cells (Cai and Garen, 1995; Pereira et al, 1997; 
Figini et al, 1998). The clinical application of these 
tumor- specific antibodies will depend on their ability 
to target tumor in vivo. Unfortunately, numerous 
studies have failed to demonstrate a correlation be- 
tween the in vitro binding characteristics of antibod- 
ies and their in vivo tumor targeting properties 
(Matzku et al, 1987; Andrew et al, 1990; Boennan 
et al, 1990; Shockley et al, 1992b). Parameters such 
as antigen expression level and accessibility, as well 
as tumor physiology, have a profound influence on 
in vivo antibody targeting (Jain, 1990; Shockley et 
al, 1992a; Sung et al, 1992), yet these parameters 
cannot easily be predicted by in vitro studies. 

Recently, peptides that selectively localize to the 
vasculature of various tissues have been isolated by 
the in vivo panning of random peptide libraries in 
mice (Pasqualini and Ruoslahti, 1996; Rajotte et al, 
1998). This approach has considerable potential in 
the isolation of antibodies with good in vivo target- 
ing properties. In particular, panning phage displayed 
Fab libraries in live animals may allow the identifi- 
cation of antibodies that recognize biologically rele- 
vant tumor targets, and may also facilitate the dis- 
covery of novel surface tumor antigens. 

The successful application of in vivo panning to 
the isolation of tumor specific antibodies must in- 
evitably be predicated on an understanding of the 
pharmacokinetics of phage-Fab. This includes a 
knowledge of the biodistribution of phage in differ- 
ent tissues, their clearance from the circulation, and 
their capacity for extravasation into the interstitial 
compartment. An understanding of the last point is 
of particular importance in those studies seeking to 
isolate Fab with reactivity against extravascular anti- 
gens. To gain a better understanding of these param- 
eters, we have investigated the pattern of distribution 
of phage-Fab in nude mice. 



2. Materials and methods 

2.7. Balb/c nude mice 

Six to eight week old female Balb/c nude mice 
were purchased from Animal Resource Centre (Can- 



ning Vale, Western Australia), and were held in 
micro-isolators. All experiments were conducted with 
the approval of the Institutional Animal Experimen- 
tation Ethics Committee. 



2,2. Amplification of phage from single colony 

The Fab region of the chimeric anti-colon cancer 
antibody c30.6 (Mount et al, 1994) was PCR ampli- 
fied and cloned into the MCOl phage display vector 
(Ward et al, 1996). The nucleotide sequence of the 
antibody was verified by dideoxy-sequencing. A sin- 
gle E. coli XL 1 -Blue colony harbouring the c30.6 
clone was grown overnight at 37°C in 2YT supple- 
mented with 50 |xg/ml carbenicillin, 10 |xg/ml 
tetracycline and 2% glucose (2YT/carb/tet/glu). 
The overnight culture (1 ml) was inoculated into 100 
ml fresh 2YT/carb/tet/glu and grown for 3 h at 
37°C with shaking. VCSM13 helper phage (5 X 10 11 ) 
were added and the culture was incubated for an 
additional 2 h at 37°C with shaking. Cells were 
pelleted at 1600 Xg, resuspended in 100 ml fresh 
2YT/carb/tet containing 70 |xg/ml kanamycin and 
grown overnight with shaking at 30°C. The next day, 
cells were pelleted at 6000 X g and the phage in the 
supernatant were precipitated at 4°C with 1 / 5 vol- 
ume 20% PEG 6000/2.5 M NaCl. Phage were 
pelleted by centrifugation at 10,000 Xg and resus- 
pended in PBS to a final concentration of 10 14 
TU /ml. 



Regression analysis of plasma 
pharmacokinetics 
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Fig. 1. Plasma pharmacokinetics of phage c30.6 in nude mice 
injected with 1 X l() y TU. The mean phage titre at each time point 
in three mice is shown together with S.E. 
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Tissue distribution of phage 30.6 
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Fig. 2. Distribution of phage in tissues after 4 min, 24 h and 72 h following i.v. injection of 1 X I0 y TU of phage c30.6. Values expressed as 
phage transducing unit (TU) per gram of tissue. Bars represent standard error (S.E.) 



2.3. Calculation of plasma kinetic data 

Three groups of three nude mice were injected 
i.v. with 1 X 10 9 c30.6 phage in a volume of 100 |ul1 
PBS. Blood samples were taken from the first group 
of mice at 4 min, 30 min, 1 h; from the second group 
of mice at 2 h, 4 h, 8 h; and from the third group of 
mice at 24 h, 48 h and 72 h. A 50 jjlI aliquot of 
plasma was incubated with 1 ml of log phase E. coli 
XL 1 -Blue for 30 min at 37°C without shaking. Fol- 
lowing the addition of 10 ml of LB supplemented 
with 20 (xg/ml carbenicillin, the cultures were incu- 
bated for another 1 h with shaking. Various dilutions 
of the culture were plated in duplicate on LB agar 
supplemented with 10 fxg/ml carbenicillin and phage 
titres were determined by colony counting. Log per- 
centage of initial injected phage was plotted against 
time, and assessed by regression analysis. The half- 
life 0 1/2 ) °f me phage and the volume of distribu- 
tion (F d ) were calculated using standard methods 
(Welling, 1986). 



2.4. Quantitative distribution study of phage in mouse 
tissues 

Three groups of four nude mice were injected i.v. 
with 1 X 10 y c30.6 phage in a volume of 100 (xl 
PBS. Mice were sacrificed at 4 min, 24 h and 72 h 
after injection. Faeces and normal tissues (liver, 
colon, spleen, kidneys, lungs, skeletal muscle) were 
weighed and assayed for the presence of infective 
phage. Tissues were ground into fine pieces in 1 ml 
of DMEM (Trace Biosciences, NSW, Australia) sup- 
plemented with 1 mM PMSF and protease inhibitor 
cocktail tablet (Boehringer Mannheim, NSW, Aus- 
tralia) (DMEM-PT). The mixture was clarified by 
centrifugation at 2000 X g and the supernatant was 
kept for phage titering. The tissue pellets were 
washed three times in 3 ml of DM EM-PI supple- 
mented with 0.1% BSA, and resuspended in 1 ml 0.1 
M glycine pH 3.0 for 10 min at room temperature. 
This solution was neutralized with 1/10 volume of 1 
M Tris pH 8.0 prior to centrifugation. Aliquots from 



Table 1 



Tissue to blood ratio of phage c30.6 at various time points 





Liver 


Colon 


Spleen 


Kidneys 


Lungs 


Muscle 


Faeces 


Plasma 


4 min 


0.23 


0.06 


0.13 


0.25 


0.31 


0.04 


0.00 


1 


24 h 


0.07 


0.01 


0.16 


0.10 


0.12 


0.02 


0.00 


1 


72 h 


5.0 


9.1 


8.2 


86.4 


286 


4.1 


3.8 


1 
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the supernatant, washes and glycine elution were 
used to infect 1 ml of log phase XL 1 -Blue for 30 
min at 37°C with no shaking, and phage titres deter- 
mined as described above. 

2,5. Immunohistochemical staining of mouse tissue 
sections 

Paraffin-embedded tissue sections were prepared 
from mice injected with phage. The sections were 
dewaxed, rehydrated and endogenous peroxidase ac- 
tivity was blocked with 3% H 2 0 2 /H 2 0 for 5 min at 
room temperature. The sections were then blocked 
with normal rabbit serum for 1 h at 37°C, and 
incubated with 10 |mg/ml sheep anti-M13 (Phar- 
macia Biotech, NSW, Australia) in 2% BSA/TBS. 
Following one wash in TBS for 5 min, donkey 
anti-sheep-HRP (2 |xg/ml; Jackson ImmunoRe- 
search, NSW, Australia) in 2% BSA/TBS was ap- 
plied to the sections for 1 h at room temperature. 
Bound secondary antibody was detected by incuba- 
tion with DAB substrate (Sigma, NSW, Australia), 
and sections were counterstained in Harris hema- 
toxylin, dehydrated and mounted. All sections were 
assessed by two of the authors (NJH, YLY). 

3. Results 

3.1. Distribution of phage-Fab in plasma and tissue 

The phage titres in the plasma at different time 
points were determined and log percentage of initial 
injected phage was plotted against time (Fig. 1). By 
using regression analysis it was determined that the 
half-life of phage in plasma was 3.6 h and the 
volume of distribution was 1.0 ml. 

Titres of phage were determined in supernatant, 
washes and glycine elution of each tissue. At all time 
points, nearly all phage (90%) were recovered from 
the supernatant of ground tissues. Only 10% of the 
phage were found in the washes and 0.1% were 
isolated from the glycine elution. On this basis, 
supernatants were used in all subsequent assessments 
of the phage biodistribution (Fig. 2). 

At 4 min and 24 h, phage were found predomi- 
nantly in the liver, spleen, kidneys and lungs. Phage 
concentrations in colon, muscle and faeces were 



approximately one order of magnitude lower at those 
time points. At 72 h, the remaining phage had accu- 
mulated in the lungs and kidneys, and few phage 
(< 10 4 TU) were recovered from other tissues. In all 
tissues, the tissue:blood ratio of phage c30.6 was less 
than 1.0 at both 4 min and 24 h, indicating that 
phage were primarily found in the plasma at these 
times (Table 1). At 72 h, the tissue:blood ratio was 
greater than 1.0 in all tissues examined. Few phage 
were left in plasma suggesting that phage had been 
cleared from the circulation. At this time point, 
phage had accumulated mostly in the lungs (ratio = 
286) and kidneys (ratio = 86). 

3.2. Immunohistochemical analysis of phage distri- 
bution 

Tissues collected at 4 min, 24 h and 72 h were 
embedded in paraffin, and 5 |xm sections were stained 
with a sheep anti-M 1 3 antibody. At 4 min, there was 
distinct staining of the lumenal surface of the capil- 
lary endothelium in all organs examined (Fig. 3). In 
particular, intense staining was found within the 
glomerular capillary loops at 4 min. No evidence of 
tissue uptake was found at this time point. At 24 h, 
however, phage were found to have left the vascular 
compartment, and were present in the parenchyma of 
liver, the red pulp of spleen, the pulmonary intersti- 
tium, the proximal convoluted tubules of kidneys and 
in faeces. No staining was found in the bowel wall or 
in skeletal muscle. At 72 h, the pattern of staining 
remained essentially unchanged from 24 h for all 
tissue sections, although the intensity of staining was 
reduced. 

4. Discussion 

In vivo panning represents a significant new ap- 
plication of phage display technology, with the pan- 
ning steps moving from an in vitro system to a 
dynamic system dependent on circulation within a 
viable organism. The strategy involves the injection 
of phage into a mouse, with recovery from tissues 
followed by reamplification in vitro, and finally, the 
injection of amplified phage into a second mouse 
(Pasqualini and Ruoslahti, 1996). To fully realize the 
potential of this approach, a number of technical 
questions must be answered, and in particular, the 
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most appropriate time for tissue collection must be 
determined. Our study focused on the temporal dis- 
tribution of phage-Fab in nude mice. These animals 
were chosen since they are routinely used in preclini- 
cal studies of antibody tumor targeting. The experi- 
ments were also performed with a monoclonal phage 
population (phage c30.6) known to have no specific 
activity against mouse tissues. Because of this, phage 
titres found in different organs could be expected to 
represent the background titres in the first round of 
an actual panning experiment, where only a tiny 
proportion of specific binding phage-Fab are present 
in the library. 

The distribution of phage-Fab in normal tissues 
over time shows two main patterns. In one group of 
tissues, which \includes liver, spleen, kidneys and 
lungs, the uptake of phage at 4 min and at 24 h was 
significantly greater than that seen in colon and 
skeletal muscle (Fig. 2). At 4 min, this difference 
could in part be due to the higher perfusion and 
capillary permeability of the liver, lungs and kidneys 
when compared with colon and skeletal muscle 
(Covell et al., 1986). At 24 h, the number of phage 
recovered from each organ was decreased by 10-fold 
but the pattern of distribution remained essentially 
unchanged, with a slightly lower tissue:blood ratio 
than at 4 min (Fig. 2 and Table 1). This suggests that 
while phage were nearly all distributed by 4 min, the 
majority of phage-Fab was still in the tissue blood 
volume during the first 24 h. Following distribution 
of phage, it is expected that normal blood flow 
would wash away non-specific or low affinity phage, 
thus mimicking the washing steps of in vitro pan- 
ning. At 72 h, phage were eliminated from the 
circulation, and thus those remaining in the tissues 
represented extravasated and trapped phage. The dis- 
tribution of phage was also influenced by the normal 
structure and function of individual organs. Not un- 
expectedly, high phage uptake was found in the 
liver, lungs and spleen because of uptake into the 
reticulo-endothelium system, a finding also reported 
by Pasqualini et al. (1997). 

A further factor which clearly influenced the tis- 
sue distribution of phage-Fab was their size. The 
filamentous phage Ml 3 are shaped like flexible fila- 
ments with a diameter of 65 A and a length of 9300 
A (Glucksman et al, 1992), whilst the dimension of 
the Fab they display is 80 A X 50 A X 40 A (Poljak 



et al., 1973). As such, it is likely that the extravasa- 
tion of phage would be restricted by the continuous 
endothelium of capillaries in tissues such as skeletal 
muscle, skin, connective tissues and brain (Clough, 
1991). However, in organs such as liver, spleen, 
lungs and kidneys, immunohistochemical staining 
demonstrated that phage extravasation occurred by 
24 h. The vasculature of the liver and spleen are 
discontinuous and contain open fenestrae (600 A in 
diameter) backed by a discontinuous basement mem- 
brane (Clough, 1991). The extravasation of phage in 
these tissues is likely to occur through this route. 
Thus the ability of phage to extravasate is related not 
only to the circulation time, but also to the ultrastruc- 
ture of the vasculature in different tissues. Given the 
heterogeneous and leaky nature of the tumor vascula- 
ture (Dvorak et al, 1988), it is possible that by 24 h, 
phage may extravasate into the tumor interstitium, 
although high tumor interstitial pressure may reduce 
the penetration of phage-Fab (Jain, 1 990). 

Our study suggests that in nude mice, phage are 
largely eliminated by both hepatic and renal excre- 
tion. The phage are probably filtered through the 
glomeruli (strongly stained at 4 min) and enter the 
proximal convoluted tubule by 24 h. While there was 
strong immunohistochemical staining of faeces by 24 
h, the phage titres were low at this time point. This 
suggests that the majority of staining in faeces was 
due to the presence of phage protein fragments, 
probably following elimination in bile. Immunohisto- 
chemical detection of phage clearly does not neces- 
sarily indicate the presence of intact phage. How- 
ever, with the exception of faeces, positive immuno- 
histochemical staining in tissues was found to corre- 
late closely with phage infectivity. 

Since the c30.6 Fab displayed on the surface of 
the phage does not bind to normal mouse tissues 
(Mount et al., 1994), the biodistribution pattern we 
found in this study should be applicable to any 
phage-Fab population. This was verified by conduct- 
ing similar experiments with phage displaying Fab 
reactive with tetanus toxoid and with Fabs against 
human carcinoembryonic antigen which are known 
to be non reactive with mouse tissue. In both cases, a 
similar distribution pattern was observed (results not 
shown). 

In conclusion, our study provides basic pharma- 
cokinetic data relevant to the design of in vivo 
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panning experiments. It is clear that the timing of 
phage retrieval will be influenced both by the organ 
being examined and the specific location of the 
target antigen in relation to the microvasculature. 
While 4 min appears to be the best time point for the 
isolation of Fab against intravascular antigens, the 24 
h or the 72 h time points may prove superior for the 
isolation of antibodies against extravascular antigens. 
A disadvantage of the 72 h time point is the low 
phage titre which may be insufficient for subsequent 
panning rounds. The future studies will therefore 
involve the panning of an antibody library in tumor- 
bearing nude mice using 24 h as a time point for 
tissue collection. 
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ABSTRACT The accumulation of an Indium-lll-Iabeled monoclonal antibody (MoAb), ZME- 
018, in melanoma tumors in a patient was determined by sequential, quantitative gamma camera 
imaging. The amount and concentration of In-Ill in each tumor changed in a characteristic pattern 
with time, reaching a peak at day 3 followed by a steady clearance. The concentration of In-Ill in the 
tumor and the ratios of tumor to whole-body or blood decreased as the size of the tumor increased. 
These results were interpreted to indicate that the fraction of active, perfused tumor decreased as the 
melanoma lesions increased in size. The maximum number of MoAb molecules bound per melanoma 
cell was calculated to be abut 35,000. The implications of these observations for radioimmunoimaging 
and therapy ore significant. 

Key words: Necrotic tumor fraction, antibody quantitation, melanoma antigen in vivo, In-Ill 
antibody dosimetry, pharmacokinetics of antibody 



INTRODUCTION 

Studies of osteosarcoma xenografts in nude mice have 
indicated that the amount of Indium- Ill-labeled monoclonal 
antibody (MoAb) 791T/36 increased linearly as a function 
of tumor size for tumors in the range 0.2-0.8 g, implying 
that the concentration of this MoAb was independent of size 
over this range [1], In a study of human tumors implanted in 
nude mice the concentrations of several radiolabeled MoAbs 
decreased as the tumor size increased in the range 0.03-1.6 
g [2]. This characteristic was independent of the MoAb and 
the target antigen. These apparently contradictory results 
may reflect observations that the MoAb uptake in a tumor 
depends on many factors including differences in blood flow 
and the amount of necrosis, levels of circulating antigen, and 
species specificity [3,4], so that their relevance to tumors in 
patients is not obvious. 

In the present report, the amount and concentration of 
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radiolabeled anti-melanoma MoAb ZME-018 in melanom* 
in a patient were found to depend on tumor size. The impli- 
cations of this observation for radioimmunoimaging and ra 
dioimmunotherapy are significant. 

MATERIALS AND METHODS 
Radiopharmaceutical 

The In-Ill ZME-018 was supplied by Hybritech Inc. 1 Thi! 
IgG2a MoAb was obtained by immunizing BALB/c mic< 
with a melanoma cell line M21 [5]. The antibody was puri 
fied by fractionation and chromatography of ascites, Th< 
target antigen of ZME-018 is a high molecular weight gly 
coprotein of 240 kD. 

One milligram of the MoAb ZME-018 was labeled with < 
mCi of In-Ill using a modification of the Krejcarek tech 
nique [6], Excess diethylene triamine pentaacetic ack 
(DTPA) was added to chelate any unbound In-Ill. Nineteei 
milligrams of unlabeled MoAb was then added, and thi 
preparation was diluted with 60 ml of saline. A labelinj 
efficiency of 86% was achieved, and the remaining In-ll: 
was present as In-Ill DTPA. The radiopharmaceutical elute< 
on high-performance liquid chromatography (HPLC) TSI 
3000 as a major peak at 150 kD and a minor In-lll-DTE/ 
peak. The immunoreacdvity of the radiopharmaceutical wa 
75 % . The radiopharmaceutical was assayed with a Capintecl 
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dose calibrator and was verified by counting the dose with a 
gamma camera of known sensitivity for In-Ill. The radio- 
pharmaceutical was administered intravenously to the patient 
over 30 minutes* The dose was corrected for the residue in 
the syringe and calculated to be 3.84 mCi, 

Imaging 

A large-field-of-view gamma camera with a 300-kev col- 
limator was used for imaging. Energy discrimination with 
20% windows on each of the 173- and 246-kev photons of 
In-Ill w&s used. The camera was interfaced to a computer 
system, and all images were acquired in a 128 x 128 word 
mode matrix for data analysis using a light pen to define 
manually regions of interest (ROI). The static images were 
terminated by the first of either 1 million counts or 600 s. 
Anterior and posterior images of the whole body (WBS) 
were acquired immediately after administration of the la- 
beled MoAb. Analogous, conjugate images of the head, 
chest, abdomen, pelvis, and thigh regions were then ac- 
quired. Conjugate WBS and static images were also acquired 
at I, 3, 6, 7, and 9 days. A dual laser system was used with 
marks drawn on the patient's skin to reposition the patient. 

Quantitation of tumor and organ uptake 

The images on day 1 and subsequent days indicated 20 
focal areas of tumor uptake in this patient with histologically 



proven malignant melanoma. Several areas of uptake were 
noted in the anterior pelvic and upper thigh areas. Four of 
these areas corresponded to superficial tumors of approxi- 
mately spherical shape. These tumors were chosen for study 
because their diameters could be measured with calipers and 
their In-Ill content could be quantitated accurately from the 
geometry of counting small volume sources. Irregular ROIs 
were drawn manually with a light pen on the anterior image 
of the pelvis to outline each of the lesions and a correspond- 
ing mirrored background ROI on the contralateral side of the 
patient (Fig, I). The counts from each tumor after back- 
ground subtraction were converted to microcuries using a 
sensitivity measured with a 10-mI volume of In-Ill solution. 
This method of quantitation had been validated by comparing 
the gamma camera counts of a superficial melanoma from 
another patient before and after excision, and the agreement 
was found to be within 10%. The concentration of MoAb in 
each tumor was calculated assuming uniform distribution of 
the MoAb and was converted to percentage injected dose 
(%ID), microcuries per gram 0*Ci/g) or %ID per gram 
(%ID/g). 

Assuming the molecular weight of the ZME-018 MoAb 
molecule to be 150 kD, the maximum number of MoAb 
molecules and In-Ill atoms per melanoma cell was calcu- 
lated from the uptake data for the 2.8-g tumor (Appendix). 




Fig. J Anterior image of the pcivic region of the patient was obtained 1 day after Note the difference in background wttb position on the body. The uptake between 
injection of In-IU ZME-018. Regions of interest were drawn to define the four tumor 3 and background region 3 is in the scrotum, 
melanoma aites and the appropriate mirror-image background region for each tumor. 
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Liver and spleen uptake 

The uptake of MoAb in the liver was measured by con- 
verting the number of counts within an irregular ROI drawn 
on the anterior image to microcurie content using a measured 
sensitivity derived from a liver volume filled with In-111 in 
an abdominal phantom. 2 No background subtraction was 
used because phantom studies indicated that background 
subtraction led to significant underestimates of the total 
radionuclide content [7], 

The posterior image was used to quantitate MoAb uptake 
in the spleen. Background subtraction was used in this case 
to remove the contribution of surrounding radioactivity de- 
tected in a ROI. The effective depth of the spleen was 
measured as the distance of the centroid of this organ from 
the posterior wall of the abdomen on X-ray computed axial 
tomographic images. A linear attenuation coefficient (LAC) 
Of 0.125/cm was derived from the counts detected from a 
small source of Iri-111 imaged at the effective splenic depth 
of 7 cm in water. A first-order attenuation correction factor 
was used to correct the spleen counts to obtain radionuclide 
content and %ID. 

Whole-body retention 
The geometric mean (GM) of the number of counts in 
anterior and posterior conjugate views of the whole body 
was used to determine the whole-body retention. The geo- 
metric mean of counts in subsequent, conjugate views was 
expressed as a percentage of the geometric mean of counts 
in the immediate WBS images. 

Blood retention and cumulated urine 

Whole-blood and urine samples were counted with a Nal 
well detector, A standard of measured activity prepared from 
the radiopharmaceutical dose was used to convert the blood 
and urine counts to %ID. The blood volume was assumed to 
be 7.5 % of body weight [8] . 

Target-to-nontarget ratios 

The concentration of MoAb in each tumor was calculated 
from the decay-corrected uptake and tumor volume. The 
whole-body retention was used to calculate the nontarget 
MoAb concentration per unit mass on each day. For each 
day the ratio of the concentration of MoAb in the tumor to 
that of the whole body was derived from the relationship 



Tumor 



Tumor Concentration as %ID/g 



Whole Body Whole-Body Concentration as %ID/g 

The ratio of MoAb concentration in each tumor to that of the 
blood on each imaging day was calculated from the rela- 
tionship 

Tumor Tumor Concentration as %ID/g 
Blood *~ Whole-Blood Retention as %ID/g 

These ratios assume correctly that the total tumor uptake of 
MoAb is a small fraction of the administered dose. 

2 Alderson abdominal phantom with liver and spleen. 



"Necrotic*' fraction 
Large tumors are known to contain ischemic and necrotic 
tissue. An attempt to predict this fraction in tumors was 
made.using two assumptions for the accumulation of MoAb. 
First, the smallest tumor (2.8 g) was assumed to contain 
only active melanoma tissue with a uniform distribution of 
the MoAb. Second, all the larger tumors were assumed to 
contain both "active" and "necrotic" tissue, and their active 
fraction was assumed to accumulate MoAb at the same 
concentration as the small tumor. The active volume (ATV) 
in ml for any tumor was defined as 



ATV 



MoAb Uptake in Large Tumor 
MoAb Uptake in 2,8-g Tumor 



Therefore, the fraction of necrosis in the larger tumors of 
measured volume (MV) is given by f where 

f = (MV - ATV)/MV 

or ATV = MV(1 - f) 
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Fig. 2. Change in the amount of In-H t In the minors, wholft body, blood volume, 
liver, and spleen with time. Cumulative urinary excretion is also shown. 
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These equations were used to predict the active and necrotic 
fractions in the larger melanoma tumors. 

RESULTS 

Clearance of In-Ill from the body during the first 24 h 
corresponded to the In-Ill in the radiopharmaceutical that 
was not bound to the MoAb (Fig. 2). The biologic half-time 
for clearance from die patient after the first 24 h was 18 days 
and corresponded to the reciprocal of urinary clearance. 
After a steady accumulation to day 3, In-Ill in the liver and 
spleen was slowly cleared in parallel to that of the whole 
body. 

The concentration of In-lll in each of the tumors in- 
creased to a peak at day 3 and was followed by a constant 
clearance (Fig. 3A). The concentration of In-Ill decreased 
with increase in tumor size (Fig. 3B). The ratio of In-lll 
concentration in each tumor to the corresponding whole- 
body concentration on each day increased and decreased in 
a characteristic pattern (Fig. 4A). The peak tumor-to-whole- 
body concentration ratio ranged from 37 to 7.2 on day 3 for 
the 2.8 g and 41.6 g tumors, respectively. In contrast, the 
ratio of MoAb concentration in each tumor to the corre- 
sponding blood concentration increased to day 3 followed by 
little change to day 9 (Fig.4B). 

The ratio of the peak MoAb concentration attained in each 
tumor to the whole-body retention measured on the same 
day decreased markedly with increase in tumor size (Fig. 
5A) and tumor surface area (Fig. 5B), The calculated frac- 
tions of "active" and "necrotic" tissue for each tumor 
changed markedly with increase in tumor size (Fig, 6). 

DISCUSSION 

These studies demonstrate in a patient the influence of 
tumor size on MoAb accumulation for the first time and 



confirm the relevance of reported studies of human tumors 
implanted in mice [2]. Quantitation of MoAb in each tumor 
in vivo was characterized by accumulation and clearance 
phases suggestive of specific uptake in the melanoma tissue. 
The MoAb uptake in each of the lesions was less than 1 % 
ID, and the MoAb uptake in the 20 tumors was less than 5% 
ID. Therefore, the tumor burden influenced ! the total-body 
retention of the MoAb and the tumor-to-whole-body concen- 
tration ratios to a limited extent. Furthermore, the clearance 
from the whole body was similar to that from the tumors. 

The concentration of MoAb in the tumors was inversely 
related to tumor size. The smallest tumor demonstrated a 
maximum tumor-to-whole-body concentration ratio of 37 
when the morphometric volume of this tumor was considered 
to be the volume of accumulation as compared with a peak 
value of 7.2 attained by the 41.6-g tumor. The maximum 
concentration of In-lll in the 2,8-g tumor was 20 In-lll 
atoms per tumor cell equivalent to 30,000 molecules of 
ZME-018 per cell (Appendix). This corresponded to about 
35,000 molecules of ZME-018 per cell when corrected for 
In-lll not bound to MoAb in the radiopharmaceutical. An- 
other study of this MoAb in melanoma reported lower tu- 
mor-to-surrounding-tissue counts [9]. 

With the use of the MIRD [10] approach for radiation- 
absorbed dosimetry and the use of an extrapolated absorbed 
fraction for this 2.8-g tumor, the radiation dose was esti- 
mated to be 10 rads compared to a total-body dose of 1.9 
rads for the 3.84-mCi dose administered. 

Quantitative pharmacokinetics in patients are required for 
each radiolabeled MoAb in order to select the optimal time 
for radioimmunoimaging and to administer radioinimuno- 
therapy safely [11,12]. The efficacy of therapy depends on 
the ratio of the radiation doses that can be delivered to the 




Fig. 3. A: Change in the concentration of In-lll in each tomor with time. B: 
Variation in the peak concentration of In-lll (day 3) with mass of each tumor. 
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tumor and normal tissues. The present results indicate that 
the concentration of this MoAb in tumor is dependent on 
tumor size, which in turn influences the spatial distribution 
of energy deposited in the tumor. Small melanoma tumors 
may be more effectively imaged and treated with radiola- 
beled MoAbs because of the increased concentration of 
radionuclide. Autoradiography and immunopathology stud- 
ies have shown that necrosis, ischaemia, and poor diffusion 
limit the concentration of MoAb in tumors, particularly large 
tumors. Similar mechanisms lead to discrepancies between 
the morphologic volume and the physiologic volume of dis- 
tribution of the radionuclide leading to underestimation of 
the true concentration of the radionuclide and the radiation- 
absorbed dose [13]- The range of the emissions and the exact 
location of the radionuclide in the tumor influence the radio- 
toxicity of a radionuclide [14]. 
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We propose to perform similar studies of other tumors in 
patients in order to extend our observations. Volumes of 
tumors will be determined with calipers when superficially 
located or will be obtained by X-ray CT, ultrasound, or 
magnetic resonance imaging when located deep in the body. 
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APPENDIX 
Number of MoAb molecules per tumor cell 

This calculation was based on absolute quantitation of the 
amount of In-111 in the smallest tumor (2,8 g). Assumptions 
were that 1) the accumulation of MoAb was uniform in this 
tumor, and 2) no more than one In-1 11 atom was attached to 
each MoAb molecule. When the accumulation of MoAb 
reached a maximum 3 days after injection, the amount of fa- 
ll 1 in this tumor was 4.1 /iCi, which was equivalent to a 
concentration of 1.46 jtCi/g, This concentration as a fraction 
of the administered dose (3.84 mCi) was 

Fractional ID/g = 1.46/3,840 » 3.8x l(T 4 

Since 20 mg MoAb was administered, then 

MoAb/g = (3.8xl0~ 4 )x(20xl0 3 ) = 7.6 fig/g 

and 



#MoAb/g 



(6.02xl0 23 )xq6xl0^ 6 ) . 3xl0 3 
1.5 x 10 5 



Assuming cells of 10 ^cm 3 , the ft of cells/g - 10 9 . Therefore, 
#MoAb/ceIl * 3X10 13 /10 9 = 3X10 4 . However, only 86% 
of administered In-111 was attached to MoAb, so actual 
#MoAb/cell « 3xl0 4 /0-86 * 3.5 Xl0 4 . The peak concen- 
tration of In-111 on day 3 was 1.46 jiCi/g and corresponded 
to 1.9 XlO 10 atoms of 1 1 per gram of tumor. Assuming 
there were 1Q 9 ceils per gram of tumor, each melanoma cell 
had about 20 In-11 1 atoms on day 3 , 



